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PREFACE 


Of that which receives precise formulation in mathematical 
logic, an important part is already vaguely present as a basic 
ingredient of daily discourse. The passage from non-mathematical, 
non-philosophical common sense to the first technicalities of 
mathematical logic is thus but a step, quickly taken. Once within 
the field, moreover, one need not travel to its farther end to reach 
a frontier; the field is itself a frontier, and investigators are active 
over much of its length. Even within an introductory exposition 
there is room for novelties which may not be devoid of interest to 
the specialist. Textbook and treatise can hence be combined 
within the same covers in mathematical logic as in few other fields. 
Such is the intended status of the present book. 

The material presented is substantially that covered in my course 
Mathematics 19 at Harvard. I have undertaken to present it in 
such a way as to presuppose neither previous acquaintance with 
mathematical logic nor any special training in mathematics or 
philosophy. But the book is intended for the serious reader; 
there are sections which demand close study. Rigor has not, in 
general, been consciously compromised in favor of perspicuity. 

Chapter I deals with the truth-functional composition of state- 
ments: the modification of statements by denial, and the forma- 
tion of compounds by such connectives as ‘and’, ‘or’, ‘if-then’. 
These are reduced to the single connective of joint denial, ‘neither- 
nor’, following ShefFer. The contrast is. emphasized between use 
of expressions and discourse about expressions, and the controversy 
over implication is considered in the light of this distinction. A 
metamathematical, or syntactical, notation is introduced to facili- 
tate discourse about statements and other expressions; and the 
principles of statement composition are expounded in these terms, 
without recourse to the so-called propositional variables ‘ p\ 
etc. of earlier works. The property of tautology — logical truth of 
the sort which depends only on truth-functional composition — 
receives a new formulation in metamathematical terms, and a series 
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of tautologous forms is adduced. The deductive method is dis- 
pensed with, at the level of tautology, in favor of the method of 
tabular calculation. 

Chapter II treats of quantification: the formal cotrespondent of 
the idioms involving ‘all’ and ‘some.’ It is in connection with 
quantification that the variable makes its first appearance; and 
accordingly some attention is devoted to clarifying the nature of 
the variable, and exhibiting its analogy to the pronoun of ordinary 
language, j^antification theory, like the preceding part of logic, 
is expounded within the medium of metamathematics; its pres- 
entation in any other medium appears disadvantageous, indeed, 
because of subtleties having to do with the so-called bound and 
free occurrences of variables. Here as in Chapter I, methods of 
calculation are deemed preferable to methods of deduction; but a 
compromise now has to be struck, because of the fact that no 
method of calculation is adequate to the truths of quantification 
theory. The compromise consists in specifying an infinite set of 
so-called axioms of quantification by a method of calculation, and 
then allowing the theorems to proceed from these by one de- 
ductive rule of the simplest sort: modus ponens, A further de- 
parture, which recommends itself as more intuitive than t;h^ usual 
procedure, is this: the axioms of quantification are specified in 
such a way that the theorems come to include only statements in 
the strict sense — formulae containing no “free” variables, no 
variables beyond those used in quantification. 

In Chapter III the connective ‘c’ of membership emerges, and 
therewith classes. This connective, taken as supplementary to 
quantification and joint denial, proves to afford an adequate basis 
for the definition of the notions of logic and those of arithmetic and 
derivative disciplines as well. An essential step in the series of 
definitions is the introduction of abstraction — the notation 
whereby classes are specified through conditions on their members. 
Its introduction is accomplished by contextual definition. On the 
basis of abstraction in turn the device of description is introduced, 
which corresponds to the idiom ‘the entity such that . . It 
now becomes possible to construe names in general, abstract and 
concrete alike, as mere shorthand which is eliminable at will from 
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all discourse. Besides the economy which it affords, this procedure 
proves to have the value of effecting a cleavage between syntactical 
questions of meaningfulness and factual questions of existence. 

In Chapter IV the axioms of quantification are supplemented 
with a new infinity of axioms, providing the essential properties of 
membership and derivative notions; but no rule of inference is 
needed beyond the original modus ponens. Identity and unit 
classes are defined, and likewise the notions of the ordinary algebra 
of classes; and a train of theorems is derived. 

The logical antinomies, e.g. Russell's, are avoided by a method 
which is less restrictive than past methods such as the theory of 
types. The method turns, like von Neumann’s, on construing 
certain entities as incapable of membership; but the entities so 
construed are far scarcer than under von Neumann's theory. 
Besides making for algorithmic facility, this liberalization turns 
out to render the existence of infinite classes demonstrable without 
special postulation. > 

In Chapter V relations are defined on the basis of class theory, 
by the Wiener-Kiiratowski method, and the usual concepts of 
relation theory are introduced and investigated. FunciionSy in 
turn, are defined on the basis of relation theory. Analogues of the 
device of abstraction which was used in class theory reappear in 
connection with relations and functions. The definition of natural 
number comes in Chapter VI; a subsequent definition then intro- 
duces the operation of raising a relation to a numerical power, 
which operation is found to provide a simple and uniform means 
of defining the various operations of arithmetic. Certain of the 
basic theorems of arithmetic are proved, and the standard con- 
structions which lead from this level into higher reaches of quanti- 
tative mathematics are briefly outlined. 

In Chapter VII we turn to the formalization of the metamathe- 
matical or syntactical machinery involved in discourse about a 
formalism such as presented in the foregoing chapters. Godel's 
theorem regarding the incompletability of logic and arithmetic is 
derived along novel lines, and its scope is somewhat extended. 

Cambridge, Mass. 

April 7, 1940. 
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MATHEMATICAL LOGIC 


INTRODUCTION 

MATHEMATICAL logic differs from the traditional formal logic 
so markedly in method, and so far surpasses it in power and subtlety, 
as to be generally and not unjustifiably regarded as a new science. 
Its crude beginnings placed with George Boole, in the middle of 
the last century. Fragments foreshadowing mathematical logic 
date back much farther than Boole — as far back indeed as Leibniz; 
but it was from Boole onward through Peirce, Schroder, Frege, 
Peano, Whitehead, Russell, and their successors that mathematical 
logic underwent continuous development and reached the estate of 
a reputable department of knowledge. 

The traditional formal logic, dating in its essentials from Aris- 
totle, is nevertheless the direct progenitor of mathematical logic. 
The striking differences between the two must not be allowed to 
obscure the fact that they are both “logic’’ in the strictest sense of 
the word. They both have, vaguely speaking, the same subject 
matter. Just what that subject matter is, it is not easy to say; 
the usual characterizations of logic as “the science of necessary 
inference”, “the science of forms”, etc., are scarcely informative 
enough to be taken as answers. 

But if we shift our attention from subject matter to vocabulary, 
it is easy to draw a superficial distinction between the truths of 
logic and true statements of other kinds. A logically true state- 
ment has this peculiarity: basic particles such as ‘is’, ‘not’, ‘and’, 
‘or’, ‘unless’, ‘if’, ‘then’, ‘neither’, ‘nor’, ‘some’, ‘all’, etc. occur 
in the statement in such a way that the statement is true inde- 
pendently of its other ingredients. Thus, consider the classical 
example: 

(1) If every man is mortal and Socrates is a man then Socrates 
is mortal. 

Not only is this statement true, but it is true independently of the 

1 
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constituents *man^ * mortal, and ‘Socrates’; no alteration of 
these words is capable of turning the statement into a falsehood. 
Any other statement of the form: 

(2) If every — is — and — is a — then — is — 

is equally true, so long merely as the first and fourth blanks are 
filled alike, and the second and last, and the third and fifth. A 
still simpler logical truth is: 

(3) Socrates is mortal or Socrates is not mortal; 

alteration of ‘Socrates’ and ‘mortal’ is incapable of making the 
statement false. 

A word may be said to occur essentially in a statement if replace- 
ment of the word by another is capable of turning the statement 
into a falsehood.^ When this is not the case, the word may be said 
to occur vacuously . Thus the words ‘Socrates’ and ‘man’ occur 
essentially in the statement ‘Socrates is a man’, since the state- 
ments ‘Bucephalus is a man’ and ‘Socrates is a horse’ are false; 
on the other hand ‘Socrates’ and ‘mortal’ occur vacuously in (3), 
and ‘Socrates’, ‘man’, and ‘mortal’ occur vacuously in (1), 
The logical truths, then, are describable as those truths in which 
only the basic particles alluded to earlier occur essentially. 

Those particles may be said to constitute the logical vocabulary. 
They are basic to all discourse. If we were to undertake e.g. to 
specify a geological vocabulary, comprising the words which occur 
essentially in the truths of geology, we should have to include in it 
not only such words as ‘moraine’, ‘fault’, etc., but also the whole 
of the logical vocabulary; and similarly for any other discipline. 
Accordingly the truths of logic may be reckoned trivially among 
the truths of geology, and among the truths of economics, and so 
on. This lends some sense to the dictum that logic has a universal 
subject matter, and is the common denominator of the special 
sciences. 

The words comprising the logical vocabulary can be substantially 
reduced, for we can paraphrase some of them with help of the rest. 

^ For a somewhat more careful formulation see my essay “Truth by Con- 
vention,” pp. 93 ff. 
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The sense of ^unless’, e.g., is adequately conveyed by ‘or’; again 
the joint use of ‘neither-nor’ and ‘not’, in the fashion ‘neither 
not . . . nor not . . provides an adequate paraphrase of ‘and’. 
When this sort of reduction is carried to the limit, the logical 
vocabulary comes to comprise only ‘is’, ‘neither-nor’, and a device 
corresponding roughly to the word ‘every’, together with a certain 
scheme of pronouns auxiliary to the latter device. (Cf. §§ 9, 12, 
22-23.) 

What is ordinarily classified under mathematical logic or tra- 
ditional formal logic includes, indeed, not only logical truths in the 
proposed sense — truths involving just the logical vocabulary 
essentially — but also statements about such truths. It is custom- 
ary to include within logic not only such statements as (1) and (3), 
but also such statements as this: 

(4) Any statement of the form (2) is true so long as the first and 
fourth blanks are filled alike, and the second and last, and 
the third and fifth. 

The present book, in particular, consists in large part of such state- 
ments as (4). We must thus distinguish two senses of logic, a 
broader and a narrower; logic in the narrower sense comprises 
those truths which contain only the so-called logical vocabulary 
essentially, while logic in the broader sense includes both logic in 
the narrower sense and discourse about it. Discourse of the latter 
kind is classifiable, in large part at least, under the head of formal 
syntax (cf. Ch. VII). Over the years the term ‘logic’ has of course 
been applied also to a vast range of other topics, encroaching upon 
rhetoric, psychology, epistemology, metaphysics; but I shall not 
attempt to find a unifying principle among these far-flung applica- 
tions of the term. 

Preparatory to the foregoing characterization of logical truths, 
we took the general notion of truth for granted. We simply dis- 
tinguished logical truths from others, by specifying what words 
occur essentially in the logical truths. Now the general notion of 
truth, central as it is to baffling problems of philosophy, may ap- 
pear rather too much to havjs taken for granted. Repudiation of 
“truth with a capital ‘T’” is a favorite way, indeed, of professing 
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alignment with the hard-headed. But in pDint of fact there is no 
denying that we know what it means to say that a given statement 
is true — absolutely True — just as clearly as we understand the 
given statement itself. The circumstances under which the state- 
ment: 

(5) Jones smokes 

would be said to be true, e.g., are precisely the circumstances under 
which Jones himself would be said to smoke. Truth of the state- 
ment (5) is no more mysterious than the notions of Jones and 
smoking. Applied to any statement S, the word ‘true' is no ob- 
scurer than the obscurest word in the statement S itself; for to 
say that S is true is simply to say Sf This would seem to condone 
the present expository recourse to the general notion of truth, 
however the subtle problems which that notion involves may fare. 

To determine the truth of the statement (5), it is not enough to 
inspect the statement; we must also observe Jones. With most 
other statements the case is similar. Thus when we say that it is 
the business of the geologist to find out what statements are 
geological truths, we do not commit him to a sedentary study of 
statements; we call upon him to spend a good part of his time 
inspecting bluffs and craters. But logic, indeed mathematics 
generally, is otherwise. The truth of (1) and (3), e.g., is recog- 
nizable on inspection merely of the statements themselves. Con- 
fronted with any logical truth or indeed any true statement of 
mathematics, no matter how complex, we recognize its truth if at 
all merely by inspecting the statement and reflecting or calculating; 
observation of craters, test tubes, or human behavior is of no avail. 
Insofar then as logical truth is discernible at all, standards of logical 
truth can be formulated in terms merely of more or less complex 
notational features of statements; and correspondingly for 
^mathematics generally. Thus it is that the logician and mathe- 
matician talk about statements so much more than the geologist 
does; and thus it is that logic in a broad sense is commonly taken 
to include discourse about the statements of logic in the narrower 

‘ For an instructive elaboration of this theme see §1 of Tarski's “Wahrheits- 
begrifF.'* 
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sense, whereas no such bifurcation is ordinarily imposed upon 
geology. 

If standards of logical or mathematical truth are to be formulated 
in terms merely of the observable features of statements, a first 
important step is revision and schematization of the language in 
such fashion as to put the relevant features of statements into the 
simplest possible form. Revision in this direction has long since 
taken place in mathematics; perhaps the most basic departures 
from ordinary language are the use of parentheses to indicate 
grouping, and the use of variables for those purposes of cross- 
reference for which ordinary language uses pronouns (cf. § 12). 
Through emulation of mathematics, a similar revision took place 
in logic from Boole onward; this is indeed so obvious a point of 
contrast between the old logic and the new that the latter is often 
called ‘‘symbolic logic*’. But far more radical linguistic revisions 
are wanted if such projects as the formulation of truth criteria are 
to be expedited to the fullest. It is helpful to reduce the notions of 
logic and mathematics to minimum, by defining some in terms of 
others; for this reduces the variety of statements which the truth 
criterion must cover. Reduction of this kind can, it turns out, be 
carried to great lengths. Mention has already been made of the 
meager array of devices which suffices for logic: analogues of 
‘is’, ‘neither-nor’, ‘every’, and pronouns. What is more sur- 
prising, these devices prove adequate not only to logic but to pure 
mathematics generally (cf. §§ 23, 52); mathematics reduces to logic. 

Having given the language of logic the most economical and 
schematic form we can, we might next hope to devise some routine 
test which, applied merely to the notational patterns of statements, 
will distinguish always between those which are logically true and 
those which are not. But this is a good deal to hope, particularly 
in view of the reducibility of mathematics in general to logic. 
Every mathematical problem would become soluble by a mechani- 
cal procedure — even the celebrated Fermat problem, which has 
resisted solution for three centuries. Publication of proofs in 
mathematics would never again be necessary; results would 
simply be stated subject to mechanical check on the part of the 
reader. 
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Diffident of so bold a project, we might try to formulate some 
less powerful notational criterion of logical and mathematical 
truth: a criterion whose fulfillment by any given statement is 
discernible only by luck rather than by an infallible routine test. 
Such, indeed, is the character of mathematical proof; a proof once 
discovered can be mechanically checked, but the actual discovery 
of the proof is a hit and miss matter. (Cf. §§ 16, 55.) Our present 
more modest objective, then, can take the form of an explicit 
formulation of the notion of proof, or theorem, such as will involve 
reference only to the notational patterns of statements. But 
recent developments indicate, actually, that an exhaustive criterion 
of logical or mathematical truth along even these more modest lines 
is impossible. Given any rules of proof which do not actually lead 
to falsehoods, there will be mathematical truths which cannot be 
proved by the rules (cf. § 60). There will always be some demon- 
strably indemonstrable mathematical truths. We must content 
ourselves with a version of theorem’' which covers only one or 
another important portion of the truths of logic and mathematics. 

The fact remains that insofar as logical or mathematical truth 
can be detected at all, the standards can be formulated explicitly 
as criteria hinging upon the notational patterns of statements. 
Such truths of logic and mathematics as are not obvious are 
recognized, if at all, by proof; and the considerations which go to 
make up a proof do admit of explicit formulation in terms of 
notational features of statements. Such formulation is not only 
possible, but highly desirable for the increased insight which it 
promises. The very discovery that there must always be indemon- 
strable mathematical truths is a discovery which could not have 
been made without analyzing the notion of "‘proof” or ""theorem” 
in terms explicitly of notational features of statements. 

The described developments are by no means the whole motiva- 
tion of the modem refinements in logic. The reduction of the 
notions of mathematics and logic to a minimum, for example, is 
prompted by much more than the special purpose mentioned 
earlier. It is indeed an end in itself, for it reveals just what few 
notions are finally presupposed by the whole of mathematics. 
Through this process of paraphrasing some notions in terms of 
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others, moreover, and finally paraphrasing all in terms of the 
chosen few, the several mathematical and logical notions of course 
undergo illuminating analysis. 

Schematization of the logical language is of significance also in 
more practical spheres. Logic has its practical use in inference 
from premisses which are not logical truths to conclusions which 
are not logical truths. Logic countenances such inference when 
the conditional statement ‘If . . . then . . .’ connecting premiss 
with conclusion is itself logically true (like (1) above); and it is in 
this way that logical truth links up with extra-logical concerns. 
Precisely the analogous account holds with regard to applications 
of mathematics generally; the tremendous utility of mathematical 
techniques in natural science turns simply on the importance of 
discerning mathematical truths of the form ‘If . . . then . . . ’ 
whose component parts are statements of natural science. Unlike 
the numerical branches of mathematics, however, logic itself has 
traditionally figured in natural science only tacitly and at a pretty 
rudimentary level of inference; it has played fully as subordinate 
a role as arithmetic might have played in the days of Roman 
numerals. But when we schematize logic along the lines of modern 
mathematics (retaining convenient abbreviations, of course, over 
and above the minimum logical vocabulary), we have a tool which 
is about as effective as arithmetic and derivative branches of 
mathematics — and which far surpasses these latter in scope of 
applicability. 

Where number is irrelevant, regimented mathematical technique 
has hitherto tended to be lacking. Thus it is that the progress of 
natural science has depended so largely upon the discernment of 
measurable quantity of one sort or another. Measurement con- 
sists in correlating our subject matter with the series of real num- 
bers; and such correlations are desirable because, once they are 
set up, all the well-worked theory of numerical mathematics lies 
ready at hand as a tool for our further reasoning. But no science 
can rest entirely on measurement, and many scientific investiga- 
tions are quite out of reach of that device. To the scientist longing 
for non-quantitative techniques, then, mathematical logic brings 
hope. It provides explicit techniques for manipulating the most 
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basic ingredients of discourse. Its yield for science may be ex- 
pected to consist also in a contribution of rigor and clarity — a 
sharpening of the concepts of science. Such sharpening of con- 
cepts should serve both to disclose hitherto hidden consequences 
of given scientific hypotheses, and to obviate subtle errors which 
may stand in the way of scientific progress. 

Mathematical logic has been applied,^ but the most important 
applications are surely still to come. The usefulness of a theory is 
not to be measured solely in terms of the application of prefabri- 
cated techniques to preformulated problems; we must allow the 
applicational needs themselves, rather, to play their part in 
motivating further elaborations of theory. The history of mathe- 
matics has consisted to an important degree in such give and take 
between theory and application. Much of the promise of mathe- 
matical logic for science lies in its potentialities as a basis from 
which to construct subsidiary techniques of unforeseen kinds in 
response to special needs. 

^ See e.g. Berkeley, Carnap (Aufhau)^ Dittrich, Fitch, Hempel and Oppenheim, 
Quine (** Relations and Reason”), Russell (“Order in Time”), Shannon, Stamm, 
Whitehead (“Mathematical Concepts,” “Theorie relationniste”), Wienf" '“Syn- 
thetic Logic,” “Measurement”), Woodger, Zwicky. 
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STATEMENTS 




§ 1 . Conjunction^ Alternation^ and Denial 


MATHEMATICAL logic at its most elementary level deals with 
statements^ or declarative sentences, and with ways of compound- 
ing them into further statements. One of these modes of com- 
position, known to logicians as conjunctiony consists in joining two 
statements by ‘and’ — or, in the notation of mathematical logic, 
by the dot ‘ ‘Some are born great and some achieve great- 
ness’, or ‘some are born great . some achieve greatness’, is the 
conjunction of ‘some are born great’ and ‘some achieve great- 
ness’. A conjunction is true if both component statements are 
true; otherwise false. To determine the truth value, (truth or 
falsehood) of a conjunction, therefore, it is sufficient to know the 
truth values of the components. 

A mode of statement composition will be said to be truth'- 
functional if the truth value of the compound is determined in all 
cases by the truth values of the components. Conjunction is thus 
truth-functional. So are all other modes of statement composition 
required for mathematical logic, or mathematics generally. There 
is reason to believe that none but truth-functional modes of 
statement composition are needed in any discourse, mathematical 
or otherwise; but this is a controversial question. (Cf. § 5.) 

Each such mode of composition is exhaustively describable by a 
truth table — a table specifying the truth value of the compound for 
each assignment of truth values to the components. Thus the 


table for conjunction is 

as follows: 


1 st component 

2d component 

Conjunction 

T 

T 

T 

F 

T 

F 

T 

F 

F 

F 

F 

F 


It tells us that the conjunction is true when both components are 
true, false when the first component is false and the second true, 
and false likewise in the two remaining cases. 

11 
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A second mode of composition, no less familiar than conjunction, 
is alternation — composition of statements by means of the con- 
nective ‘or*. Reflection upon ordinary usage of ‘or’ reveals that 
an alternation is true if just one of its components is true, and false 
if they are both false. This gives us three-quarters of a truth table 
for alternation: 


ist component 

T 

F 

T 

F 


2d component 

T 

T 

F 

F 


Alternation 

T 

T 

F 


But the top row is indicated less clearly by usage. We must de- 
cide whether ‘or’ Is to be construed in an exclusive sense, corre- 
sponding to the Latin ‘aut’, or in an inclusive sense, corresponding 
to the Latin ^vel*. When ‘or’ is used in the exclusive sense, the 
compound is regarded as true only if exactly one of the two com- 
ponents is true; joint truth of the components falsifies the com- 
pound. An ‘or ’-compound in this sense can be expressed more 
clearly by adding the words ‘but not both’. When ‘or’ is used 
in the inclusive sense, on the other hand, the compound is regarded 
as true if at least one of the components is true; joint truth of the 
components verifies the compound. An ‘or ’-compound in this 
sense can be expressed more clearly by adding the words ‘or 
both’, or by admitting the barbarism ‘and/or’. The blank in 
our table receives an ‘F’ or a ‘T’ according as ‘or’ is construed 
in the exclusive or the inclusive sense. 

Common usage can be adduced in support of either course. If a 
witness guesses that either the steering gear was loose or the 
driver was drunk, and it is found that the steering gear was loose 
and the driver was drunk, we do not regard the witness as mis- 
taken; to this extent usage supports the inclusive ‘or’. At the 
same time the prevalent use of the expressions ‘or both’ and 
‘and/or’ is a presumption in favor of the exclusive interpretation, 
since otherwise these expressions would always be superfluous. 

In mathematical logic the ambiguity of ordinary usage is re- 
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solved by adopting a special symbol suggestive of Vel', to 
take the place of ‘or’ in the inclusive sense. Alternation is 
identified with this usage; thus the truth table of alternation 
becomes: 


1 st component 

T 

F 

T 

F 


2d component 

T 

T 

F 

F 


Alternation 

T 

T 

T 

F 


The exclusive use of ‘or’ is not frequent enough in technical 
developments to warrant a special name and symbol. 

The connectives ‘and’ and ‘or’ are used in ordinary discourse 
not only between statements but between nouns, verbs, preposi- 
tions, indeed nearly all parts of speech. It is only as connectives of 
statements, however, that they receive the symbolic rendering 
‘ . ’ and ‘v’. The other uses do not fall under the head of con- 
junction and alternation. 

Conjunction and alternation are binary^ in that they combine 
statements two at a time. But denial, to which we now turn, is 
singulary:^ it is a method merely of elaborating a single state- 
ment to form a new statement. It has the following truth table, 
which is limited to two rows because there is just one compo- 
nent. 

Component Denial 

T F 

F T 


The denial is true if and only if the original statement is false. 

The method of forming the denial in ordinary language is irreg- 
ular. Sometimes ‘not’ is attached to the main verb; thus the 
denial of ‘Jones is away’ is ‘Jones is not away’. But if the verb 

1 The series of adjectives ‘binary*, ‘ternary*, ‘quaternary*, ‘quinary*,... 
leaves mathematicians in a quandary when ti * 1. It is customary to stammer 
out some such makeshift as ‘unary’ or ‘uninary* or ‘unitary*. But the proper 
word is apparent if we reflect that the series of Latin distributives ‘bini*, ‘terni*, 
‘quaterni*, ‘quini*, . . . begins with ‘singuli*. 
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is governed by ^sometimes* or ‘always’, the denial is formed 
rather by substituting ‘never’ or ‘not always’. If the statement 
is a conjunction or alternation and hence has no main verb, then 
denial is accomplished by one or another periphrasis. 

In mathematical logic the denial of a statement is formed by 
prefixing the tilde which is a modified ‘n’ and is con- 

veniently read ‘not’. Thus ‘Jones is not away’ gives way to 
Jones is away’. Over the ordinary use of ‘not’ this notation 
has two advantages; it leaves the internal constitution of the 
affected statement intact, and it applies immediately to state- 
ments of any form and complexity. 

The first branch of mathematical logic to reach maturity was the so-called algebra 
of logic, which was founded by Boole (1847) and improved by Jevons, Peirce, and 
Schroder. This algebra, while regarded primarily as an algebra of classes (cf. § 33), 
was recognized as amenable to reinterpretation as a theory governing conjunction, 
alternation, and denial. Truth tables, and the graphic method of calculation which 
they provide (cf. §3), came only in 1920-21 (Lukasiewicz, Post, Wittgenstein); 
but much the same technique in non-tabular form was made known by Peirce 
(3.387 f) in 1885, and is indeed implicit in Boole’s “general rule of development” 
{Lazos of Thoughtt p. 75 f). The signs */, ‘V’, and are from Whitehead and 
Russell. 

§ 2 . The Conditional 

ANOTHER binary connective, and a particularly important one, 
is ‘if-then’. A statement thus compounded is known as a con- 
ditional (or hypothetical). The first of its two component state- 
ments, placed between ‘if’ and ‘then’, is called the antecedent (or 
protasis or hypothesis) of the conditional; the second component, 
placed after ‘then’, is called the consequent (or apodasis or 
thesis). 

Any conditional with true antecedent and false consequent is 
false. The conditional ‘If Jones was here then the glove is his’ 
is clearly disproved when it turns out that Jones was here and the 
glove is not his. But none of the other three combinations of truth 
values is adequate to disproving the conditional. In case Jones 
was not here, the conditional stipulates nothing regarding the 
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ownership of the glove; and in case Jones was here and the glove 
is his, the conditional is supported. Are we then to construe a 
conditional as false in the one case and true in the other three.? 


Antecedent 

T 

F 

T 

F 


Consequent 

T 

T 

F 

F 


Conditional 


T 

T 

F 

T 


The ‘mode of composition described in the table constitutes the 
nearest truth-functional approximation to the conditional of 
ordinary discourse, and may be called the truth-functional con- 
ditional All truth-functional conditionals with false antecedents 
and all with true consequents are true. . Only those are false which 
have true antecedents and’ false consequents. If we construe 
‘if-then’ in this sense, the following become true: 

(1) If France is in Europe then the sea is salt, 

(2) . If France is in Australia then the sea is salt, 

(3) If France is in Australia then the sea is sweet. 

Symbolically the truth-functional conditional is rendered by the 
connective ‘D’, thus: 

(4) Jones was here D the glove is his. 

(4) is true in case Jones was not here, true also in case the glove is 
his, and false just in case he was here and the glove is not his. It is 
true whenever at least one of the two statements ‘ ^ Jones was 
here’ and ‘the glove is his’ is true, and false in the case where 
‘Jones was here’ and the glove is his’ are both true. (4) can 
hence be paraphrased in terms of denial and alternation thus: 

(5) Jones was here v the glove is his, 
or in terms of denial and conjunction thus; 

(6) (Jones was here . the glove is his). 

The parentheses in (6) indicate the grouping, as usual in mathe- 
matics. They indicate that the denial sign applies to the whole 
conjunction. When there is no such indication, a denial sign 
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always applies to the shortest statement following it; thus (5) is 
understood as: 

Jones was here) v the glove is his 

rather than: 

(Jones was here v the glove is his). 

A statement of the form ' 3 ’ is conveniently pro- 
nounced in the usual fashion ‘If then but we have now 

to consider to what extent this conforms to the ordinary usage of 
‘if-then’. Let us examine the latter more closely. The subjunctive 
mood is ordinarily used in a conditional when the speaker believes 
the antecedent to be false, and the indicative mood when he wants 
to leave the antecedent unprejudiced. Usage of the subjunctive 
conditional is certainly at variance with the above table; for if all 
conditionals with false antecedents are true, no subjunctive con- 
ditional is worth affirming. The subjunctive conditional is. in fact 
not directly identifiable with any truth-functional mode of com- 
position, but calls for a more elaborate analysis. (Cf. § 5.) This 
task is important for the philosophy of science, for the subjunctive 
conditional is implicit in those terms of disposition or potentiality 
with which the natural sciences abound: ‘soluble’, ‘malleable’, 
*hard’, ‘sensitive’, ‘intelligent’, etc. The task is not one, however, 
which need be accomplished within the framework of mathemat- 
ical logic. Mathematics makes no use of the subjunctive condi- 
tional; the indicative form suffices. It is hence useful to shelve 
the former and treat the ‘if-then’ of the indicative conditional as a 
connective distinct from ‘if-then’ subjunctively used. It remains 
to consider whether the above table gives an acceptable version of 
the indicative conditional.^ 

1 The reading ‘implies*, for O*, is to be avoided (cf. §5). Its popularity 
probably arises from the fact that the ‘if-then’ reading calls for an inconvenient 
excursion into the context; ‘then’ supplants ‘ D but ‘if’ has to be inserted in an 
earlier position. Note however that we can avoid this inconvenience by reading 
O at will, simply as ‘only if’. A little reflection shows that ‘ If — then — ’ can 
always be given the alternative rendering ‘—only if—’, without disturbing the 
order of the components. Whereas ‘—if—’ is of course the reverse of ‘If- 
then — insertion of ‘only’ has the peculiar effect of restoring the normal order of 
antecedent and consequent. 

* Not only the present section but also 1 5 is relevant to the controversy which 
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One who affirms an indicative conditional is ordinarily uncertain 
as to the truth values of both antecedent and consequent. He 
believes it is not the case that the first is true and the second false, 
but ordinarily he does not know whether they are both true, or 
both false, or first false and second true. It is for this reason, per- 
haps, that the truth of (l)-(3) seems strange; not because these 
would be false under ordinary usage, but because they would be 
idle or senseless. Indeed, since usage conforms to the third line of 
the table, and usage lapses as soon as a case is precisely located 
elsewhere in the table, there is no clear conflict between the table 
and the indicative conditional of ordinary usage. The table de- 
parts from usage only in committing itself on points where usage 
is lacking. This much departure is necessary in any complete 
formulation — any formulation which explains the conditional for 
every pair of statements. 

What the truth table adds, in thus deciding the cases beyond the 
range of ordinary usage, is essentially theoretical; no supplemen- 
tary practical use of * if-then’ is thereby prescribed. In practice, 
even in the light of the truth table, one would naturally not bother 
to affirm a conditional if he were in position to affirm the conse- 
quent outright or to deny the antecedent — any more than one 
bothers to affirm an alternation when he knows which component 
is true. We say: 

(7) If Jones has malaria then he needs quinine 

because we know about malaria but are in doubt both of Jones’s 
ailment and of his need of quinine. Thus only those conditionals 
are worth affirming which follow from some manner of relevance 
between antecedent and consequent — some manner of law, per- 
haps, connecting the matters which these two component state- 
ments describe. Such connection underlies the useful application 
of the truth-functional conditional without participating in the 
meaning of that notion. The situation is similar, indeed, in the 
case of alternation. 

A condition 2 j thus inferred from a general law must be dis- 


has arisen over this point. Those acquainted with the controversy should keep in 
mind that in the present section nothing is said of implication. 
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tingulshed from the law itself, which commonly bears the outward 
form of a conditional in turn : 

(8) If one has malaria then he needs quinine. 

Certainly (8) asserts a connection between malaria and quinine 
which transcends any truth table; but actually the statement is 
elliptical, and analysis deprives it of the form of a pure conditional. 
It is short for some such statement as this: 

(9) Whatever person be selected, if he has malaria then he needs 

quinine. 

This statement is of an important kind which will be taken up in 
Chapter II under the head of quantification. Its initial part con- 
fers universality; the remainder has no separate status as a state- 
ment at all, for it contains pronouns which refer back to the initial 
part and lose all meaning on isolation. (9) is not itself a condi- 
tional, but has the effect of simultaneous affirmation of a vast 
array of conditionals. Each of these separate conditionals, e.g. 
(7), can still be construed in accordance with the truth table; the 
strong interconnection between malaria and quinine which (9) 
conveys is not to be laid to the conditional mode of composition 
but to the initial indication of universality. 


The truth-functional version of the conditional goes back to Philo of Megara. 
It was revived in modem logic by Frege (1879) and Peirce (1885). The conditional 
sign ‘ D ' was used by Gergonne as early as 1816, though not in the truth-functional 
sense. The appropriateness of the truth-functional version was vigorously debated 
in ancient times (cf. Peirce, 3.441 flP; Lukasiewicz, “Zur Geschichte”, p. 116), and 
has become a current topic of controversy as well. The issue has been clouded, 
however, by failure to distinguish clearly between the conditional and impli- 
cation (cf. §5) 


§3. Iterated Composition 


WHEN truth-functional composition is applied in iteration to 
form a complex statement, e.g. : 

(1) Germany will withdraw v (France will invade • England will 
mobilize), 
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(2) (Jones was here D the glove is his) . (the glove is his 3 Jones 

was here), 

(3) (Jones came . ~ (Smith stayed . ^ Robinson left)) v Robin- 

son left, 

we can always calculate the net import of the result by truth 
tables. We can determine systematically what truth values on the 
part of the ultimate components would make the whole true and 
what ones would make the whole false. 

This is accomplished, for example in the case of (2), by assigning 
all possible combinations of truth values to the ultimate com- 
ponents ‘Jones was here^ and ‘the glove is his' and then deriving 
the truth value of (2) for each of these assignments by consulting 
the truth tables of the modes of composition involved. The process 
can conveniently be carried out by a tabular construction whose 

(Jones was here 5 the glove is his). (the glove is hisH Jones was here) 

T T T T T T T 

F t T f T F F 

T ir F F F T T 

F T' F t F T F 

V •• • s 

V ’ TABLte. 1 

outcome is Table 1. The first and third columns, standing beneath 
‘Jones was here' and ‘the glove is his', exhaust the four combina- 
tions of truth values; they are the familiar columns used in earlier 
tables. These columns are repeated under the repeated occurrences 
of ‘Jones was here' and ‘the glove is his'. Each of the three re- 
maining columns stands beneath a statement connective, and lists 
the truth values, for the four cases, of the compound produced by 
that conneertive. Thus, the second column indicates the truth 
value of the conditional: 

Jones was here 3 the glove is his 

for the successive cases; the four entries in the column were found 
by inspecting the two adjacent columns and taking the appropriate 
values for the conditional according to the conditional table (§ 2). 
The next to last column, indicating the value of : 
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The glove is his D Jones was here 

for the successive cases, was obtained similarly from its adjacent 
columns. Finally, the middle cDlumn indicates the value of the 
whole conjunction (2) for the successive cases; the four entries 
here were found by inspecting the columns belonging to the two 
immediate components of the conjunction, namely the two con- 
ditionals, and taking the appropriate values for the whole accord- 
ing to the conjunction table (§ 1). 

The completed Table 1 tells us, then, in its middle column, that 
(2) is true in. just the first and last cases: true if Jones was here and 
the glove is his, true if Jones was not here and the glove is not his, 
and false otherwise. 

The form of iterated composition illustrated in (2) is, as it hap- 
pens, a particularly important one; for it corresponds to the idiom 
'if and only if*. Symbolically it is usually rendered in abbreviated 
fashion by the connective thus (2) becomes: 

Jones was here s the glove is his. 

This binary mode of composition may be called the biconditional^ 
more specifically the truth-functional biconditional, for it is the 
conjunction of opposite truth-functional conditionals. It has 
Table 2 as its truth table, for we saw that (2) is true just in case 


1st component 

2d component 

Biconditional 

T 

T 

T 

F 

T 

F 

T 

F * 

F 

F 

F 

TABLE 2 

T 


the components are both true or both false. The biconditional is 
true just in case its components are alike in truth value; false 
just in case one component is true and the other false. This mode 
of composition is related to the 'if and only if’ of ordinary usage 
precisely as the truth-functional conditional is related to the 
ordinary usage of 'if-then’ (cf. § 2). 
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1st component 

T 

F 

T 

F 

T 

F 

T 

F 


2d component 

T 

T 

F 

F 

T 

T 

F 

F 

TABLE 3 


Sd component 
T 
T 
T 
T 
F 
F 
F 
F 


Let us now analyze (3). Here there are three ultimate coni- 
ponents, ‘Jones came’, ‘Smith stayed’, and ‘Robinson left’, in- 
stead of just two. Our first task, then, is to exhaust the ways of 
assigning truth values to three components. A convenient sys- 
tematic method is shown in Table 3. The upper half of this array 
was formed by setting down the familiar array for two components 
and adjoining a third column composed uniformly of ‘T’; the 
lower half was formed similarly using ‘F’. The array for four 
components would be formed from this array for three components 
by the same method, and so on. Obviously this scheme always 
exhausts the combinations. In general, we see that the array for 
n components will have 2” rows; and that ‘T’ and ‘F’ will always 
be alternated simply in the first column, in pairs in the second 
column, in fours in the third column, and so on. 

We have now to calculate the truth value of (3) for each of the 
eight ways of assigning truth values to the three ultimate com- 
ponents. The construction, analogous to that of Table 1, has 
Table 4 as its outcome. The columns under ‘Jones came’, ‘Smith 
stayed’, and ‘Robinson left’ are the columns of Table 3, with 
repetition for the repeated component ‘Robinson left’. The sixth 
column indicates the truth values of the denial Robinson left’ 
for the eight cases; its entries are derived from those in the seventh 
column by means of the denial table. The fifth column indicates 
the values of: 

Smith stayed . '^-"Robinson left; 

it is derived from the adjacent columns by the conjunction table. 
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{Jones carnet ^ {Smith siayed^n '^kobinson left)) \J Robinson left 

T TT T FF T T T 

F FT T FF T T T 

T TT F FF T T T 

F FT F FF T T T 

T FF T TT F F F 

F FF T TT F F F 

T TT F FT F T F 


F 


FT F FT 



TABLE 4 



The third column indicates the values of the denial of this con- 
junction; it is derived from the fifth column by the denial table. 
The second column indicates the values of : 

Jones came . -^(Smith stayed . ^Robinson left); 
it is derived from the adjacent columns by the conjunction table. 
Finally, the eighth column indicates the values of the whole al- 
ternation (3); it is derived from the second and last columns by the 
alternation table. 

Table 4, thus constructed, tells us in its eighth column that (3) is 
true in all cases except the fifth, sixth, and last. Thus (3) is false if 
Jones came, Smith stayed, and Robinson did not leave; false also 
if Jones did not come, Smith stayed, and Robinson did not leave; 
false also if Jones did not come, Smith did not stay, and Robinson 
did not leave; but true in all other cases. 

In Table 5 the method is applied to a case where there is just one 
ultimate component. Here there are just two rows, exhausting the 
truth possibilities for the single component. The third column 
shows that the whole is true if Jones was not here, otherwise false. 


^ Jones was here = {Jones was here D Jones was here) 

F T F T T T 
TFT F T F 


TABLE 5 
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§ 4 . Use versus Mention 

IN THE literature on the logic of statements, and in other founda- 
tional studies of mathematics as well, confusion and controversy 
have resulted from failure to distinguish clearly between an object 
and its name. Ordinarily the failure to maintain this distinction is 
not to be attributed to any close resemblance between the object 
and the name, even if the object happens to be a name in turn; for 
even the discrimination between one name and another is a visual 
operation of an elementary kind. The trouble comes rather in 
forgetting that a statement about an object must contain a name 
of the object rather than the object itself. If the object is a man or 
iT city, physical circumstances prevent the error of using it instead 
of its name; when the object is a name or other expression in turn, 
however, the error is easily committed. 

As an illustration of the essential distinction, consider these 
three statements: 


(1) 

Boston is populous, 

(2) 

Boston is disyllabic, 

(3) 

* Boston is disyllabic. 


The first two are incompatible, and indeed (1) is true and (2) false. 
Boston is a city rather than a word, and whereas a city may be 
populous, only a word is disyllabic. To say that the place-name in 
question is disyllabic we must use, not that name itself, but a name 
of it. The name of a name or other expression is commonly formed 
by putting the named expression in single quotation marks; the 
whole, called a quotation, denotes its interior. This device is used 
in (3), which, like (1), is true. (3) contains a name of the di- 
syllabic word in question, just as (1) contains a name of the 
populous city in question. (3) is about a word which (1) contains; 
and (1) is about no word at all, but a city. In (1) the place-name 
is used, and in this way the city is mentioned; in (3) a quotation is 
used, and the place-name is mentioned. We mention x by using a 
name of x‘, and a statement about x contains a name of x} 

^ By these considerations, the first sentence of the present paragraph might be 
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The foregoing treatment of (l)-(3) is itself replete with mention 
of expressions, yet free from quotations. These were avoided by 
circumlocution. As an exercise in quotation marks, however, it 
may be useful now to add a few comments involving them. " Bos- 
ton is populous^ is about Boston and contains ‘Boston'; ‘ ‘Boston’ 
is disyllabic’ is about ‘Boston’ and contains ‘ ‘Boston’ ‘ ‘Bos- 
ton” designates ‘Boston’, which in turn designates Boston. To 
mention Boston we use ‘Boston’ or a synonym, and to mention 
‘Boston’ we use ‘ ‘Boston’ ’ or a synonym. ‘ ‘Boston’ ’ contains 
six letters arid just one pair of quotation marks; ‘Boston’ contains 
six letters and no quotation marks; and Boston contains some 
800,000 people. 

Such examples as (3), or: 

(4) ‘ Boston ’ has six letters^ 

(5) ‘Boston’ is a noun, 

(6) ‘Boston’ occurs in Walt Whitman’s Chants Democratic^ 

must not be thought of as exhausting the kinds of things that can 
be said about an expression. These four statements ascribe prop- 
erties to ‘ Boston ’ which might be classed respectively as phonetic, 
morphological, grammatical, and literary; roughly speaking, they 
have nothing to do with meaning. But an expression which has 
use in language will also have semantic properties, or properties 
which arise from the meaning of the expression. Such properties 
are ascribed to ‘ Boston ’ by these statements : 

(7) ‘Boston’ designates Boston, 

(8) ‘Boston’ designates a populous city, 

(9) ‘ Boston ’ designates the capital of Massachusetts, 

(10) ‘Boston’ is synonymous with ‘the capital of Massachu- 
setts ’. 

(7)-(10) are just as genuinely statements about ‘Boston’ as are 
(3)-(6), and omission of the quotation marks from (7)“-(10) 
would give re sults no less objectionable than (2); for it is only 

criticized for failure to enclose the whole statements (l)-(3) in quotation marks. 
But it is clearer to avoid quotation, in such cases, by agreeing to regard the colon 
as equivalent to quotation when followed by displayed text (text centered in a new 
line). 
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expressions, not places, that can designate or be synonymous. A 
statement about an expression may depend for its verification 
upon considerations of sound or shape or literary locale, or even 
upon considerations of population or other extra-linguistic matters 
of fact with which the expression is indirectly connected by its 
use; but so long as the statement is about the expression it must 
contain a name of the expression. 

Lack of care in thus distinguishing the nam from the named is ^ 
common in mathematical writings. The following passage, from 
a widely used textbook on the differential calculus, is fairly typical: 

The expression D^yAx is called the differential of the func- 
tion and is denoted by dy\ 

dy = D^yAx. 

The third line of this passage, an equation, is apparently supposed 
to reproduce the sense of the first two lines. But actually, whereas 
the equation says that the entities dy and Dj^yAx (whatever these 
may be) are the same, the preceding two lines say rather that the 
one is a name of the other. And the first line of the passage in- 
volves further difficulties; taken literally it implies that the 
exhibited expression ^Dj.yAx^ constitutes a name of some other, 
unexhibited expression which is known as a differential- But all 
these difficulties can be removed by a slight rephrasing of the 
passage: drop the first two words and put the first occurrence of 
^dy* in quotation marks. 

Expository confusions of this sort have persisted because, in 
most directions of mathematical inquiry, they have not made 
themselves felt as a practical obstacle. They do give rise to minor 
perplexities, indeed, even at the level of elementary arithmetic. 
A student of arithmetic may wonder, e.g., how 6 can be the 
denominator of t and not of.| when t is this puzzle arises from 
failure to observe that it is tht fractions ‘o’ and ‘f* that have 
denominators, whereas it is the designated ratios J and | that are 
identical. But it is primarily in mathematical logic that careless- 
ness over these distinctions is found to have its nxore serious 
effects. At the level of the logic of statements, one effect is obliter- 
ation of the distinction between predicates of statements and 
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composition of statements — a distinction which will be con- 
sidered in the next section. 

Scrupulous use of quotation marks is the main practical measure 
against confusing objects with their names. But it has already 
been suggested that this particular method of naming expressions 
is not theoretically essential. E.g., using elaborately descriptive 
names of ‘Boston', we might paraphrase (3) in either of the follow- 
ing ways: 

The word composed successively of the second, fifteenth, 

nine^teenth, twentieth, fifteenth, and fourteenth letters of the 

alphabet is disyllabic. 

The 4354th word of Chants Democratic is disyllabic. 

Quotation is the more graphic and convenient method, but it has 
a certain anomalous feature which calls for special caution: from 
the standpoint of logical analysis each whole quotation must be 
regarded as a single word or sign, whose parts count for no more 
than serifs or syllables. A quotation is not a description, but a 
hieroglyph; it designates its object not by describing it in terms of 
pother objects, but by picturing it. The meaning of the whole does 
not depend upon the meanings of the constituent words. The 
personal name buried within the first word of the statement : 

(11) ‘Cicero' has six letters, 

e.g., is logically no more germane to the statement than is the verb 
‘let' which is buried within the last word. Otherwise, indeed, the 
identity of Tully with Cicero would allow us to interchange these 
personal names, in the context of quotation marks as in any other 
context; we could thus argue from the truth (11) to the falsehood: 

‘Tully' has six letters. 

Frege seems to have been the first logician to recognize the importance of scru- 
pulous use of quotation marks for avoidance of confusion between use and mention 
of expressions (cf. Grundgesetze, vol. 1, p. 4); but unfortunately his counsel and good 
example in this regard went unheeded by other logicians for some thirty years. 
For further discussion of this topic see Carnap, Syntax, pp. 153-160. Concerning 
the necessity of treating a whole quotation as a single sign, see also § 1 of Tarski's 
“ Wahrheitsbegriflr”. 
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§ 5 . Statements about Statements 


TO SAY that a city or a word has a given property, e.g. populous- 
ness or disyllabism, we attach the appropriate predicate to a name 
of the city or word in question (cf. § 4). .To say that a statement 
has a given property, e.g* the phonetic property of being a hexam- 
eter or the semantic property of truth or falsehood, we attach the 
appropriate predicate to a name of the statement in question — 
not to the statement itself. Thus, to attribute truth to: 

(1) Jones is ill 
we write: 

(2) 'Jones is ill* is true, 
and to attribute falsehood we write: 


(3) 'Jones is ilT is false. 
Equivalently, we may write: 

(4) (1) is true, 

(5) (1) is false; 

but never: 


(6) Jones is ill is true, 

(7) Jones is ill is false, 

on the analogy of: 

(8) ^ Jones is ill. 

(2)-(5) are about the statement (1), but (8) is not; it, like (1), is 
about Jones. 'Is true* and 'is false* attach to names of statements 
precisely because, unlike they are predicates by means of 
which we speak about statements. Whereas statement connectives 
'v*, 'D*, ' = *) attach* to statements to form statements, a 
predicate is an expression which attaches to names to form state- 
ments. Grammar alone is enough to condemn (6) and (7), since 
each occurrence of Ss* should have a noun as subject. Confusion 
over this matter results in the view that the suffix 'is true* is 
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vacuous, and that the suffix Ss false’ is the English translation of 
the prefix the view, in other words, that (6) is equivalent to 
(1) and (7) to (8). 

In order to say that two objects stand in a given relation, e.g. 
hate, or remoteness, one puts an appropriate binary predicate 
(transitive verb) between names of the objects thus: ‘Roosevelt 
hates Hitler’, ‘Berlin is far from Washington’. To say that two 
statements stand in a given relation, whether the phonetic relation 
of rhyming or the semantic relation of implication, we put the 
appropriate binary predicate between names of the statements — 
not between the statements themselves. We may write: 

(9) ‘All men are mortal’ implies ‘all white men are mortal’, 

(10) The third statement of the book implies the seventh, 

but never: 

(11) All men are mortal implies all white men are mortal 
on the analogy of: 

(12) If all men are mortal then all white men are mortal, 

(13) All men are mortal !) all white men are mortal. 

The verb ‘implies’ belongs between names of statements precisely 
because, unlike ‘3’ or ‘if-then’, it expresses a relation between 
statements; it is a binary predicate by means of which we talk 
about statements. (9) and (10) are about statements, while (12) 
and (13) are about men. 

The relation of implication in one fairly natural sense of the term, 
viz. logical implication, is readily described with help of the auxi- 
liary notion of logical truth, A statement is logically true if it is not 
only true but remains true when all but its logical skeleton is varied 
at will; in other words, if it is true and contains only logical ex- 
pressions essentially, any others vacuously (cf. Introduction). 
Now one statement may be said logically to imply another when 
the truth-functional conditional which has the one statement as 
antecedent and the other as consequent is logically true. Thus 
(9), so construed, is equivalent to: 

(13) is logically true. 
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A trivial analogue, material implication^ may be said to hold : 
whenever the truth-functional conditional which has the one state- - 
ment as antecedent and the other as consequent is true. Thus one . 
statement materially implies another provided merely that the 
first is false or the second true. This relation is so broad as not to 
deserve the name of implication at all except by analogy. But — 
and this is the point usually missed — ‘materially implies’ is still j 
a binary predicate, not a binary statement connective. It stands • 
to ‘D’ precisely as ‘is false’ stands to Insertion of the con- 

nective ‘3’ between statements as in (13) amounts to inserting the 
verb ‘materially implies’, not between the statements themselves 
as in (11), but between their names as in (9). 

With a few trivial exceptions such as material implication, any 
relation between statements will depend on something more than 
the truth values of the statements related. Such is the case, e.g., 
with the phonetic relation of rhyming. The same holds for the 
semantic relation of logical implication described above, and for 
any other relation which has (unlike material implication) a serious 
claim to the name of implication. Such relations are quite con- 
sonant with a policy of shunning non-truth-functional modes of 
statement composition (cf. § 1), since a relation of statements is 
not a mode of statement composition. On this account, the policy 
of admitting none but truth-functional modes of statement com- 
position is not so restrictive as might have at first appeared; what 
could be accomplished by a subjunctive conditional or other non- 
truth-functional mode of statement composition can commonly 
be accomplished just as well by talking about the statements in 
question, thus using an implication relation or some other strong 
relation of statements instead of the strong mode of statement 
composition. Instead of saying: 

If Perth were 400 miles from Omaha then Perth would be in 

America 

one might say: 

‘ Perth is 400 miles from Omaha’ implies ‘Perth is in America’, 
in some appropriate sense of implication. 
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Much of what has been said regarding implication applies 
equally to other semantic relations of statements, e.g. equivalence 
and compatibility. Statements are logically equivalent when they 
logically imply each other, and logically compatible when one does 
not imply the other’s denial. Or, what comes to the same thing, 
statements are logically equivalent when the biconditional formed 
from them is logically true, and they are logically compatible ex- 
cept when the conjunction formed from them is logically false, i.e,, 
except when the denial of the conjunction is logically true. Trivial 
analogues, material equivalence and compatibility, are similarly 
determined: statements are materially equivalent when they 
materially imply each other, and materially compatible when one 
does not materially imply the other’s denial. Or, what comes to 
the same thing, statements are materially equivalent whenever 
their biconditional is true, and materially compatible except when 
their conjunction is false, hence whenever their conjunction is true. 
Material equivalence is agreement in truth value, and material 
compatibility is joint truth. Equivalence and compatibility, even 
in this degenerate sense, must be distinguished from the bicondi- 
tional and conjunction; insertion of ‘ ' or between statements 

amounts to inserting ‘is materially equivalent to’ or ‘is materially 
compatible with’, not between the statements themselves, but 
between their names. 

Note that ‘is true’, ‘is false’, ‘implies’, ‘is equivalent to’, etc. 
do not admit of iterated application as do the statement connec- 
tives. The expressions which ‘D’, etc. govern and the 

expressions which they produce are homogeneously statements; 
the expressions produced can hence be so governed in turn, and 
thus we obtain statements of the forms: 

3( 3 ), ( . ^)3 , 

etc. But ‘is false’, ‘implies’, etc. govern names and produce state- 
ments; hence the expressions produced cannot be so governed in 
turn. Formally the predicates ‘is false’ and ‘implies’ resemble the 
predicates ‘is negative’ and ‘ ^ ’ of arithmetic rather than the 
statement connectives and ‘3’. Just as it is true for all 
numbers x, y, % that 
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{x^y,y^z)Dx^z 

and {y is negative . x ^ y)D xis negative, 
so it is true for all statements <t>, x that 

{<f> implies ^ implies x)^ ^ implies x 

and is false . <t> implies 3 is false; 

on the other hand the contexts : 

{<!> implies \p . yp implies x) implies (<^> implies x) 

and: is false . <l> implies \p) implies {<j> is false) 

make no more sense than: 

{x ^y.y ^z) ^(x ^ z), 

(y is negative . ^ y) ^ (:v is negative). 


In Whitehead and Russell’s exposition and terminology the distinction between 
predicate and statement connective is blurred. The notation * — D — ’ is ex- 
plained indiscriminately in the sense of the truth-functional conditional and in the 
sense of material implication. It is translated not only thus; 


(14) 

but also thus; 

(15) 

(16) 

(17) 


If — then — 

If — is true then — is true, 
is false or — is true, 

— implies — . 


Similarly ‘ * is explained both in the sense of the truth-functional biconditional 

and in the sense of material equivalence, and is explained both in the sense of 
denial and in the sense of falsehood.. The authors even adopt 'implication’ or 
‘material implication’ as their regular terminology in connection with O’, and 
'equivalence' in connection with ' = Actually, as we have seen, the blanks in 
(14) admit only statements whereas those in (15)“(17) admit only names of state- 
ments. In the construction of examples, indeed, grammatical sense leads White- 
head and Russell to fill the blanks of' — is true’, ' — is false’, and * — implies — * 
with quotations rather than statements; ^ but the distinction is straightway 
obliterated in the discussion. 

Once having noted the discrepancy between (14) and the other proposed trans- 
lations of ' — D — ’, one need not delay in making his choice. In all technical 
developments the expressions which Whitehead and Russell adjoin to the sign 


1 "'a: wrote Waverly* is true” (vol. 1, p. 68); ‘“the author . . . was a poet’ is 
false” (ibid.); “'Socrates is a man’ implies 'Socrates is mortal’” (ibid., pp. 20, 
138). 
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‘ D ’ have the form of statements rather than names. The mere fact of its iteration 
indeed, e.g. in the manner* 

is enough to determine the sign as a statement connective rather than a predicate 
about statements. In short, the versions (15)-(17) do not operate in Whitehead 
and Russell’s work beyond the level of unfortunate exposition and nomenclature. 
The English idiom which ‘ — D — ’ supplants in practice is not (15), (16), or (17), 
but (14). The case is similar with * = * and 

On the topic of implication Whitehead and Russell have many critics, who 
rightly object that the trivial relation of material implication expressed in (16) is 
too weak to constitute a satisfactory version of (17). But it is seldom observed that 
this objection does not condemn the truth-functional conditional * — D — ’ as a 
version of ‘if — then — *. Lewis, Smith, and others have undertaken systematic 
revision of O ’ with a view to preserving just the properties appropriate to a satis- 
factory relation of implication: but what the resulting systems describe are actually 
modes of statement composition — revised conditionals of a non-truth-functional 
sort — rather than implication relations between statements. 

If we were willing to reconstrue statements as names of some sort of entities, we 
^^night take implication as a relation between those entities rather than between the 
'statements themselves; and correspondingly for equivalence, compatibility, etc. 
This procedure would dissolve the distinction between material implication and the 
truth-functional conditional, and likewise between other sorts of implication and 
other sorts of conditionals. ‘Implies* would come to enjoy simultaneously the 
status of a binary predicate and the status of a binary statement connective. Ex- 
pressions such as (11) would be legitimized; and so also would the iterated use of 
implication, characteristic of Lewis and Smith. For thus construing statements as 
names some slight support can be adduced, indeed, by appeal to substantive clauses. 
The statement ‘All men are mortal’ might be held to designate that abstract entity, 
whatever it is, which we ordinarily designate by the substantive ‘that all men are 
mortal’. A deterring consideration, however, is the obscurity of these alleged 
entities. What are they like? and under what circumstances may the entities 
designated by two statements be said to be the same or different entities? Certain 
entities which are perhaps less obscure than these but no less abstract will indeed be 
countenanced at a later point (§ 22), viz. classes or properties, if only through ig- 
norance of how to get on without them; but entities designated by statements are 
happily dispensable.^ It thus seems well to adhere to the common-sense view that 
statements are not names at all, though they may contain names along with verbs 
and adverbs and the rest. A statement remains meaningful, but meaningful by 
virtue of its structure together with the meanings of the constituent names and 
other words; its meaningfulness does not consist in its being a name of something. 

Conceding that ‘implies’ belongs between names of statements as in (9), rather 
than between statements, one might still urge that such a relation of implication 
produces a derivative mode of composition of the statements themselves — namely, 

^ See my “Ontological Remarks,” “Logistical Approach,” “Designation.” 
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a mode which consists notationally of compounding the statements by means of 
‘implies* and the two pairs of quotation marks.^ If implication is construed as 
going beyond questions of truth value, this derivative mode of statement composi- 
tion will not be truth-functional. Implication thus construed would then seem, after 
all, to interfere with a policy of admitting none but truth-functional modes of state- 
ment composition. By the same argument, indeed, a purely morphological or 
phonetic relation such as containing or rhyming would interfere similarly. Actu- 
ally, however, derivation of modes of statement composition from relations in the 
suggested fashion involves abuse of quotation. The statements buried in the 
quotations in (9) cannot be treated in turn as constituents of (9), for a quotation 
figures as a single irreducible word. Similar abuse of quotation was seen in § 4 to 
lead from ‘ ‘Cicero* has six letters* to ‘ ‘Tully* has six letters*.® 

These latter remarks serve only to show that we can construe implication as 
going beyond questions of truth value without thereby committing ourselves to any 
form of conditional which goes beyond questions of truth value. The need for some 
such strong form of conditional might still be urged on other grounds. Certainly 
not all uses of the subjunctive conditional submit to the easy method of paraphrase 
illustrated in the case of Perth and America. When this fails we may look to other 
devices, e.g. Carnap’s method of reduction sentences (“Testability,” pp. 439-453); 
but if any really useful cases prove to resist all such methods of analysis, then we 
shall perhaps have to choose pragmatically between the usefulness of those cases 
and the convenience and clarity of the truth functional kind of statement composi- 
tion. Mathematics itself gives rise to no such recalcitrant cases; and any which 
seem to arise beyond the bounds of mathematics should be critically regarded. ^ 


§ 6 . ^uasi'-^uotation 

IN DISCUSSING the modes of statement composition we are 
having continually to talk of expressions. Quotation suffices for 
the mention of any specific expression, such as "v* or ' = ' or 'Jones 
is away’, but is not available when we want to speak generally of 
an unspecified expression of such and such kind. On such occasions 
use has been made of general locutions such as 'a conditional’, 
'the first component’, etc.; and more difficult cases have been 
managed indirectly by introducing a blank ' ’ from time to 

^ Analogous reasoning appears in Huntington’s "Note on a Recent Set”, p. 11. 

® See also Tarski, "WahrheitsbegrilF,** § 1. 

* For further discussion and references see Carnap, Syntax, §§ 67-71. 
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time. But the developments to follow call for a more elastic 
method of referring to unspecified expressions. 

For the beginnings of such a method, the use of letters in algebra 
provides us with an adequate model. In algebra \ etc. are 

used as names of unspecified numbers; we may suppose them re- 
placed by names of any specific numbers we choose. Analogously, 
Greek letters other than "e’, will now be used as names of 

unspecified expressions; we may suppose them replaced by names 
(e.g. quotations) of any specific expressions we choose. 

A discussion of numbers may, for example, begin thus: 

(1) Let be a factor of y. 

Throughout the discussion thus prefaced, we are to think of x and y 
as any specific numbers we like which satisfy the condition (1) — 
say the numbers 5 and IS, or 4 and 32. We are to think of the 
letters 'x* and ‘y ’ as if they were names of the numbers 5 and 15, or 
names of the numbers 4 and 32, etc. We are to imagine the letters 
*x^ and ^y’ replaced by the numerals (expressions) ‘5’ and ‘15*, or 
by ‘4’ and ‘32’, etc. 

Similarly a discussion of expressions might begin thus: 

(2) Let /I be part of v. 

Throughout the discussion thus prefaced, we are to think of fx and 
V as any specific expressions we like which satisfy the condition 
(2) — say the expressions ‘York’ and ‘New York’, or ‘3’ and ‘32*. 
We are to think of the letters V' and ‘v* as if they were names of 
the expressions York’ and ‘New York’, or names of the expressions 
‘3’ and ‘32’, etc. We are to imagine the letters ‘m' and ‘?/’ re- 
placed by the quotations ‘ ‘York’ and ‘ ‘New York’ ’, or by “3” 
and “32”, etc. 

The reader is urged to compare the above short paragraph with 
the preceding one, word by word; also to review §4. Roughly 
speaking, the letters x% ‘y’, etc. may be described as ambiguous 
numerals, ambiguous names of numbers, variables ambiguously 
designating numbers, or, in the usual technical phrase, variables 
taking numbers as their values. Correspondingly the letters 

^ These three letters are reserved for later purposes; cf. §§ 22, 35, 41. 



Q.UASI--Q.UOTATION 


35 


§6 


etc. may be roughly described as ambiguous quotations, 
ambiguous names of expressions, variables ambiguously designat- 
ing expressions, or variables taking expressions as their values. 
This does not mean simply that and take the place of ex- 
pressions, or are replaceable by expressions, for this is true of 
and ‘y’ as well. Rather, the letters ‘fi* and ‘v* take the place of 
quotations or other names of expressions, just as ‘x' and take 
the place of numerals or other names of numbers. 

Occasionally Greek letters will be used with accents or subscripts 
attached: * ^ Vi’j ^^2’, Vn^ etc. Such variants may be 
regarded simply as so many further Greek letters. Three Greek 
letters, ‘<^>’, and ^x\ together with their accented and sub- 
scripted variants, will be limited in their use to those cases where 
the expression designated is intended to be a statement. They 
serve as names of unspecified statements, and are replaceable by 
statement quotations or other names of specific statements.^ 

There is need also of a convenient way of speaking of specific con- 
texts of unspecified expressions: speaking, e.g., of the result of 
enclosing the unspecified expression /x in parentheses, or the result 
of joining the unspecified statements <#> and ^ in that order by the 
sign ' = Note that quotation is not available here. The quo- 
tations: 


designate only the specific expressions therein depicted, containing 
the specific Greek letters and Reference to the in- 

tended contexts of the unspecified expressions /x, <j>, and ^ will be 
accomplished by a new notation of corners, thus: 

( 3 ) = 


Because of the close relationship which it bears to quotation, 
this device may be called quoH^quotation, It amounts to quoting \ 
the constant contextual backgrounds, ‘ ( ) ’ and ^ s % and im- i 
agining the unspecified expressions fi, <^, and ^ written in the 
blanks. If in particular we take the expression 'Jones* as /x. 


1 The three letters have indeed already appeared in this use in § 5, where the 
seijse intended was apparent. 
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‘Jones is away’ as 4>, and ‘Smith is ill’ as then '"(/*)'' is (Jones) 
and ’’<!> s ip'' is ‘Jones is away = Smith is ill’. 

The quasi-quotations (3) are synonymous with the following 
verbal descriptions: 

The result of writing M and then 

The result of writing and then * = * and then 

or, equivalently: 

The result of putting fi in the blank of ‘( ) ’, 

The result of putting 0 and ^ in the respective blanks of 

< s=r ’• 

> 

or, equivalently; 

The result of putting /x for V’ in 

The result of putting <{) for and ^ for in V “ 

We may translate any quasi-quotation; 

r ~\ 

into words in corresponding fashion: 

The result of putting jt for for , 0 for for 

^ . m . 

Described in another way: a quasi-quotation designates that (un- 
specified) expression which is obtained from the contents of the 
corners by replacing the Greek letters (other than by the 

(unspecified) expressions which they designate. 

When a Greek letter stands alone in corners, quasi-quotation is 
vacuous: V is /x- For, by the foregoing general description, V is 
the result of putting ^ for V’ in V’; V is what the letter V’ 
becomes when that letter itself is replaced by the (unspecified) 
expression jx; in other words, V is simply that expression jx- 
Quasi-quotation would have been convenient at earlier points, 
but was withheld for fear of obscuring fundamentals with excess 
machinery. Now, however, it may be a useful exercise to re- 
capitulate some sample points from §§ 1-5 in terms of this device. 
A conjunction . yp is true just in case and ^ are both true, and 

an alternation v p is false just in case and \p are both false, 

A conditional ^<t> 3 yp is true if <l> is false or yp true, and false If 0 is 
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true and yp false, A biconditional ^<t> ^ V'"’ is true just in case <t> and 
are alike in truth value. A denial <lP is true just in case is 
false. <l> logically implies yp or is logically equivalent to \p according 
as 3 yp'^ or ^<p ^ yp'^ is logically true, and <p materially implies yp or 
is materially equivalent to yp according as ^(p 3 yp"^ or ^<l> ^ yp^ is 
true. 


§ 7 . Parentheses and Dots 

PARENTHESES, taken for granted thus far as an auxiliary nota- 
tion, are most simply construed as forming integral parts of the 
binary connectives. The notations of conjunction, alternation, the 
conditional, and the biconditional will no longer be regarded as 
^ip.yp\ '■<^>3^"’, and but as ^{tp.ypV, ^(<t>^ypV, 

^(<p 3 yp)~^, and ^(<l> s yp)"^. But the notation of denial remains simply 
This formulation yields just the usage of parentheses 
which we have hitherto followed, except in one respect: a con- 
junction, alternation, conditional, or biconditional comes now to 
bear an outside pair of parentheses even when it stands apart from 
any further symbolic context. Such outside parentheses have 
hitherto been omitted. 

When the binary modes of composition are thus construed, no 
auxiliary technique of grouping is needed. The syntactical sim- 
plicity thus gained proves useful in certain abstract studies (e.g. 
§ 10; also later chapters). In applications, however, such sim- 
plicity is less important than facility of reading; and excess of 
parentheses is a hindrance, for we have to count them off in pairs 
to know which ones are mates. It is hence convenient in practice 
to omit the outside parentheses as hitherto, and furthermore to 
suppress most of the remaining parentheses in favor of a more 
graphic notation of dots. 

Parentheses mark the outer limits of a binary compound; dots 
determine those same limits less directly. ‘ Roughly speaking, a 
group of dots placed beside O’, or ‘ s * indicates that the com- 
ponent on that side has its other end at the nearest larger group of 
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dots, if any, and otherwise at the limit of the whole symbolic con- 
text. E.g., since ‘ s ’ in 

v: ^ D X • = 0 -- 3 

has just one dot prefixed, the first component of the biconditional 
begins at the last previous group of two or more dots — hence, as it 
happens, at the group of two. Again, since ‘ ’ has no dots suffixed, 

the second component of the biconditional stops as soon as it meets 
any dots at all — hence at the group of three-. The components of 
the biconditional are thus 3 x^ and </>. The alternation has 
X - = as second component, for this runs from the pair of 

dots to the first larger group. The conditional corresponding to 
the second occurrence of ‘D" has v: ^ D X • = in its entirety 
as antecedent, since the group of dots prefixed to the second oc- 
currence of O’ exceeds any previous group. Similarly that con- 
ditional has (jP as consequent. The whole would appear in 
terms of parentheses as 




Dots serve in this fashion to reinforce the connectives W’, O’, 
and ‘ In the case of conjunction, already represented by a dot, 
such reinforcement will be accomplished simply by using a group 
of dots instead of the one; thus the conjunction of (p with 
V X -3 (jp appears as ^ v x O <IP. Use of dots for conjunction 
is distinguishable from the other uses by the absence of any ad- 
jacent connective ‘v’, O’, or ' ^ A group of n dots standing as a 
conjunction sign will be regarded as indicating a smaller break than 
that indicated by a group of n dots alongside ^v’, O’, or ‘s’, 
though of course a greater break than that indicated by w-1 dots. 
Thus, in 

^ .3 X : ^ V (#) x"" 

the conjunction indicated by the single dot has <t> and yp as com- 
ponents; the conjunction indicated by the pair of dots has 
^4>.yp DjC and ^yp V <IP as components; the conditional has . yp^ 
and X as components; and the biconditional has ^ .3 x = ^ V 
and X- The whole would appear in terms of parentheses as : 
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'’((((0 - f ) 3 x) - V 0)) s xT- 

A place occupied by dots will be called z joint; also, if 'v', or 
‘ ’ lacks dots on one side, the narrow blanlTi^ace on that side will 

be called a joint. One joint will be said to be looser than another if 
it contains more dots than the other, or if it contains just as many 
dots as the other and is adjacent to ‘v’, O’, or ' = ’ while the other 
is not. Now the way to read dots can be summed up thus, subject 
to revisions in the immediate sequel: (I) The second component 
of a conjunction^ alternationy conditionaly or biconditional ends at 
the first subsequent jointy if anyy which is looser than the one at its 
beginning; otherwise it runs to the end of the whole symbolic context. 
The first component begins at the last previous jointy if any, which is 
looser than the one at its end; otherwise it begins at the beginning of 
the whole context. 

Allowance must be made now for the survival of parentheses in 
the midst of the dot notation, for it is convenient to be able to mix 
the two notations at will. After a denial sign, indeed, a compound 
will always retain its outer parentheses, even in dot-strewn con- 
texts. E.g., we write (<^ 3. ^ v x)"*; never D. ^ v x"'- 

Dots may or may not be used to reinforce a binary connective, but 
they will never be used to reinforce Now the presence of 

parentheses obliges us to qualify (I) so that joints sealed up in 
parentheses will not be made to affect the grouping of outside 
text. E.g., the pair of dots in 

^ V ^ D- ^ . X : ^ x)"* 

must not be made to terminate the second component of the bicon- 
ditional; that component is supposed to run to the end of the 
whole expression. Similarly for the second component of the 
alternation. (I) can be suitably amended by adding the obyious 
requirement that a component must contain no dangling paren- 
thesis; it must contain equal numbers of left- and right-hand 
parentheses. 

The presence of parentheses also has another effect: if a com- 
ponent of a binary compound has its one end inside some parenthe- 
sized expression, it may be bounded at its other end by the limit 
of that parenthesized expression rather than by a joint. In the 
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case of a second component, such an ending will be forced by any 
right-hand parenthesis whose mate did not intervene — hence by 
any right-hand parenthesis which may turn up, so long as the com- 
ponent already contains equal numbers of left- and right-hand 
parentheses. The case of a first component is analogous. 

In view of these considerations, (I) gives way to the following 
final formulation. (II) The components of a conjunction, alterna- 
tion, conditional, or biconditional are as short as these conditions 
allow: each component contains just as many left-- as right-hand 
parentheses; the second component ends either at the end of the whole 
symbolic context or else just before a right-hand parenthesis or a joint 
looser than the one at its beginning; and the first component begins 
either at the beginning of the whole context or else just after a left-hand 
parenthesis or a joint looser than the one at its end. 

Note that (II) compels a denial sign to apply, as usual, to the 
shortest statement following it. It compels interpretation of 
pwiP as the alternation of (jP and p, interpretation of 
(<^> 3. ^ V x) = x’’ as the biconditional of xV and 

X, and so on. For, according to (II), the first component of the 
alternation or biconditional must begin just after a joint or a left- 
hand parenthesis or at the beginning of the whole context; it 
cannot begin just after 

As appears from the examples, the use of dots proceeds without 
regard to the complexity of the unspecified statements denoted by 
the Greek letters. We write not ‘^<t> ,Onp v 

even though <{> be thought of in particular as a statement complex 
enough to contain say a group of two dots in turn. This practice 
can be justified by thinking of the statements indicated by Greek 
letters as constructed always with parentheses rather than dots, 
to the extent at least of bearing their outermost parentheses. 

The parenthesis notation formulated at the beginning of the 
section is retained, for the sake of theqretical developments, as the 
‘‘official’* notation; dots enter only as shorthand. This unofficial 
use of the dot notation has its justification in the fact that the 
parenthesis notation can easily be restored whenever we like. To 
accomplish this in any given case we have only to put parentheses 
around each expression which satisfies the following conditions 



§7 PARENTHESES AND DOTS 41 

(i) and (ii), and then drop all dots except single dots for conjunc- 
tion. 

(i) /I is a component of a conjunction, alternation, conditional, 
or biconditional, according to (II), or else it exhausts the whole 
symbolic context; 

(ii) contains a binary connective which is unparenthesized in 
/z; i.e., one which is preceded in ju by no more left- than right-hand 
parentheses. 

Note now, in preparation for one further notational departure, 
that the grouping in an iterated conjunction is always immaterial; 
^(t> nyp ix^ and : V' - for example, are equivalent. Any iterated 
conjunction of <t>u <l> 2 > • • • j and regardless of the grouping, is 
true in just one case: the case where 0i, , and (#>« are all 

true. For, a conjunction is true just in case both its immediate 
components are true; either component, if in turn a conjunction, 
is true just in case both its components are true; and so on. The 
grouping in an iterated alternation is likewise immaterial; every 
iterated alternation of 0i, < 3 f) 2 , . . . , and <)!)„ is true in the same cases 
— all cases except the one where <^i, <#> 2 . . . , and <l>n are all false. 
For, an alternation is false just in case both components are false; 
either component, if in turn an alternation, is false just in case both 
its components are false; and so on. Because of these circum- 
stances it is sometimes convenient to use uniform connectives 
throughout the iteration — thus writing 

^<t>h • <h • <h • • • • • V V 03 V ... V <f>r^y 

also ^0 3 0' .V. 0 3 0' -V. X 3 x'^> 

etc., without further indication of grouping. One or another 
arbitrary indication of grouping must be restored, however, before 
analyzing such a compound along the lines prescribed in the fore- 
going paragraphs. 

The indication of grouping by means of dots dates from Peano. In details the 
usage varies from author to author. Curry’s usage (“ Dots as Brackets ”) is neater 
than that set forth above, but not as easy to read. Since parentheses are so much 
simpler in theory, I have preferred to retain them as the “official” notation and 
then to frame dot conventions with an eye only to perspicuity and approximate 
conformity to prevalent usage. The syntactical simplicity of the “official” nota- 
tion could have been further enhanced, indeed, by writing binary compounds in the 
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fashion '’v 0 *"300"*, etc. instead of ''(0 V 0)’’, '’(0 3 0)"*, etc.; under this 

rearrangement, as Lukasiewicz has remarked (“Untersuchungen,” p..31, reprint 
P* 3)> grouping is unambiguously discernible without help of parentheses or other 
punctuation. 


§ 8 . Reduction to Three Primitives 

THE TRUTH tables of singulaiy and binary modes of composition 
have the forms depicted respectively in Tables 1 and 2, Each way 
of putting ‘T’s and 'F’s for the question marks gives us a different 

jst component 2d component Compound 




T 

T 

? 

Component 

Compound 

F 

T 

? 

T 

? 

T 

F 

? 

F 

? 

F 

F 

? . 

TABLE 1 


TABLE 2 


mode of composition. If we 

proposed to take up one or another 

Urnary mode of composition, or mode of combining statements 

three at a 

time, our table would have a 

column for each of the 

three components and a column for the o 

ompound. 

There would 

be eight rows, exhausting the possible cases of truth and falsehood 

on the part of three components (cf. § 3), In general, the truth 

table for an n-ary mode of composition 

appears as 

in Table 3; 

the successive rows exhaust the 2" possible 

cases of truth and false- 

1st component 2d component sd component 

nth component Compound 


pi Pi 

Ps 

. . . pn 


Case 1 

T T 

T 

T 

? 

Case 2 

F T 

T 

T 

? 

Case 3 

T F 

T 

T 

? 

Case 4 

F F 

T 

T 

? 

Case 5 

T T 

F 

T 

? 

Case 2" 

F F 

F 

F 

f 


TABLE 3 
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hood on the part of n components <t>iy <h, • • • , <t>n (cf. § 3), and the 
last column specifies the truth value of the compound for the 
successive cases. Each of the 2® .ways of replacing the question 
marks by ‘T’ or ‘F’ determines a different w-ary mode of compo- 
sition. 

Of the 2^^ (=4) singulary modes thus determined, we have con- 
sidered only one: denial. Of the 2^^ (= 16) binary modes we have 
considered only four. The 2^ (= 256) ternary modes, the 2^ 
(= 65,536) quaternary ones, and so on, all remain untouched. 
Actually, however, the few modes already considered are all we 
ever need; for it will now be shown that every mode of composition 
describable by a truth table is translatable into terms of denial^ con-- 
junction^ and alternation.'^ In the next section a still more striking 
reduction will be made. 

Case 1 of Table 3 is the case where <^i, <h 9 > and <t>n are all 

true; in other words, it is the case where 

• <h • <h - • • • • *t>rP 

is true (cf. § 7). Let us call this conjunction xi* Again, Case 2 is 
the case where pi is false and 02, . . . , and pn are true; in other 

words, it is the case where 02, 03, * . . , and 0^ are all true; 

in other words, it is the case where 

01 . 02 . 03 - 

is true. Let us call this conjunction X2. Similarly Case 3 is the 
case where 

^01 - ^^02 -03 0rt'’ 

is true; let us call this xa- Case 4 is the case where 
01 . ^ 02 • 03 (brP 

is true; let us call this X4- In this fashion Case i, for each i from 
1 to 2”, is allotted a statement x» which is true in just that case and 
is composed of 0i, 02, 03 , . . . , 0n by means of nothing more than 
conjunction and denial. (In the trivial situation where n is 1, 
conjunction of course drops out; xi is 0i and X2 is 0i'’.) 

Now every truth table is formed from Table 3 (for appropriate 
n) by assigning 'T' and to the successive cases, in place of the 

^ This was first shown by Post. 
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question marks. But if it is formed by assigning ‘T* to just one 
case, say Case i, and ‘F’ to the rest, then it is the table for Xi\ for 
Xf is true in Case i and false in the others. If on the other hand it is 
formed by assigning 'T* to many cases, say Cases f, /, 
then it is the table for 

V xy V X* V . . 

for this alternation is true wherever any of Xh Xy* Xh ^ • is true 
(cf. § 7), hence in Cases f, /, If finally the table is formed 

by assigning ‘F’ to all cases, then it is the table for any trivial con- 
junction such as 

•“01 , 

for there is no case where <l>i and <t>{^ are both true, hence no 
case where this conjunction is true. Now since 

Xi> ''x* y Xy V Xife V . . ^<l>i . ^01 . 

are all compounded of <l>u <^ 5 . . . , <l>n by means only of denial, 
conjunction, and alternation, we see that every truth table de- 
scribes a mode of composition involving nothing beyond those 
three. All truth-functional modes of composition are thus trans- 
latable into terms of denial, conjunction, and alternation. We can 
take these as the sole basic or primitive truth-functional modes of 
composition, and construe all others merely as results of repeated 
application of the primitive modes. 

Given the truth table of any mode of composition, the method of 
translating that mode into terms of the three primitives is apparent 
from the foregoing proof; we have only to form the conjunction 
X;> or the alternation of the conjunctions x*> Xy> Xt, . • . > corre- 
sponding to the case or cases marked with in the table. If 
there is no T', we resort to the trivial device of forming a con- 
junction containing and As examples, consider the 

conditional and the biconditional. Here n is 2; xi> X 2 , Xs, and X 4 
become respectively ^ and . 

^ or better ^4> - iP, and ^ 

Now the conditional has in its table three T’s, marking Cases 
1, 2, and 4; hence D }fP is expressible as ^xi v X 2 V X 4 ^> i.e., 

^ .V. ^ 0 ^ .V, (j} , r-u 
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Again, the biconditional has in its table two T’s, marking Cases 
1 and 4; hence s yJP is expressible as ^xi v xPy he., 

'"0 . ^ .V» ^ 0"’, 

The method always gives us a translation into terms of denial, 
conjunction, and alternation, but it does not always happen to give 
the shortest. For example, ‘’0 30“* admits also of the shorter 
translations 0 V and (0 . 0)"', as observed in § 2. 

It is trivial but perhaps instructive to apply the method 
also to the singulary modes of composition. Here xi and X 2 are 
simply 01 and 0 i"’; or, dropping the subscript, 0 and '"^ 0 *^. 
Now one of the four singulary modes assigns 'T’ to Cases 1 and 2 
alike; it is thus expressible as '"xiVxs^ or '"0 v ^ 0 “'. Another 
assigns to Case 1 alone; hence it is expressible as xi> or simply 
0 , A third assigns to Case 2 alone; hence it is expressible as 
X 2 , or 0 ''. The remaining singulary mode assigns ‘F' to both 
cases; hence, by the device usual in the absence of ‘T’s, it is ex- 
pressible as ’“0 . ^ 0 "’. 

§ 9 . Reduction to One Primitive 

WE NOW turn to the binary mode of statement composition em- 
bodied in the connective *neither-norh This will be called joint ^ 
denial^ and rendered symbolically in the notation '”(0 j 0 )"’. A 
joint denial, e.g. ‘Neither is Jones away nor is Smith ilF, sym- 
bolically: 

(Jones is away i Smith is ill), 

is true just in case its components are both false. This gives us the 
following table: 

0 ^ 

T T F 

FT F 
T F F 

F F T 

Since *‘(01 0)"* is true just in the case where ''^ 0 ’’ and ^^ 0 “^ are 
both true, it is translatable into terms of denial and conjunction 
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as ^ ~ i/T. Again-, since it is true just in the case -where 
V is false, it is translatable into terms of denial and alterna- 
tion as V yyp. The fact that ''{4> J, i^)’’ denies V >1/)'' is re- 

flected in ordinary language, indeed, by the cancellatory ‘n’ which 
turns ‘either-or’ into ‘neither-nor’. The vertical mark in ‘ J, ’ may 
be thought of as having the same cancellatory effect upon the sign 
‘v’; it is like the vertical mark in the inequality sign ‘4^’ of 
arithmetic. 

With denial, conjunction, and alternation at hand, a special 
notation for joint denial is superfluous. But it is introduced for 
the sake of translation in the opposite direction; for it turns out 
that denial, conjunction, and alternation can all be expressed in 
terms of joint denial alone — <t>' as J, . yf/)'' as 

i «) i i iWy and ^{4> V lAr as i i (<#> i l/'))"- This is 
seen by constructing tables according to the method of § 3: 


TFT 

FTF 


-■((« i <t>) 
TFT 
FTF 
TFT 
FTF 


i 

T 

F 

F 

F 


(i^ i 4'))’' 

TFT 

TFT 

FTF 

FTF 


■■((^ i lA) 
TFT 
FFT 
TFF 
FTF 


i 

T 

T 

T 

F 


(<i> i 4')r 

TFT 

FFT 

TFF 

FTF 


Comparison of the middle columns of these tables with the tables 
of denial, conjunction, and alternation shows that ’’{<(> j <^)'’ is true 
in just the case where (tP is true, that ’’{{<!> i ii>) i i ^))"’ is 
true in just the case where . yl/)’' is true, and that i i 
i idV is i** just ti*® cases where ’’((fi v yf/)’' is true. 

Since all truth-functional modes of composition are translatable 
into terms of denial, conjunction, and alternation (cf. § 8), the 
translation in turn of these three into terms of joint denial shows 
that all the truth-functional modes of composition are translatable 
into terms of joint denial alone. Iterated application of this one 
mode of composition suflSces for expressing anything that could be 
expressed by any of the others. We can take joint denial as the 
sole primitive tmth-functional mode of composition, and construe 
all the others merely as results of applying this primitive mode in 
iteration. 
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In theoretical developments (e.g. §§ 10, 18) it is convenient to 
be able to treat J, or ‘neither-nor* thus as the sole truth-functional 
connective. But in applications it is convenient to have the signs 
O’, and ' = ’ as well, for the brevity and clarity 
which they afford. Adoption of ^ as sole connective demands 
continual use of compounds so cumbersome, indeed, that conven- 
tions of shorthand reducing them to manageable length would 
become a practical necessity. 

Between the theoretical advantage of a single connective and the 
practical advantage of a multiplicity, this idea of shorthand effects 
a complete reconciliation. By way of basic or primitive notation 
we may adopt the form of notation ^(<t> ]. but we can still in- 
troduce the convenient forms of notation ^ <t>^, '"(0 . v 

etc., simply as shorthand abbreviations for the appropriate com- 
plexes involving Thus, where <t> is any statement, tfP will 
be construed as an abbreviation of ^{<t> J, This convention of 
abbreviation will be referred to as Dl. 

Dl. (fP for ^{(i> I <l>y. 

Similarly, where <t) and ^ are any statements, ^(<l > . ypy and ^{(f> v 
will be regarded as abbreviations of *’((<#> i 0) i (^1 and 
i i (<#> i V'))"’* More briefly, we may explain ^((j ) . and 
V as abbreviations of <t> I and 

for, Dl explains <l> i i/T arid (0 1 as abbreviations 
in turn of ''((<!> i <#>) i i ^))"‘ and ''((0 i i (<#> j ^))“’. Our next 
two conventions of abbreviation are hence as follows: 

D2, ^{<p . for <l> i ^ 

D3. for 

Such conventions of abbreviation are called formal definitions; 
hence the use of ‘ D ’ in numbering them. To define a'sign formally 
is to adopt it as shorthand for some form of notation already at 
hand. If the sign has a preconceived meaning, as in the present 
Instances, and the definition suits that meaning, then the definition 
amounts to an elimination: it shows that the sign is dispensable in 
favor of those occurring in the definition. To define a sign is to 
show how to avoid it. 

The relationships utilized for the definitions Dl-3 were shoAyn 
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by truth tables to follow from the meanings hitherto assigned to 
‘v’, and ‘ I \ But they are readily checked also on the 
linguistic level. ‘Jones is not away' has a prolix but obviously 
accurate equivalent in ‘Neither is Jones away nor is Jones away’; 
so has ‘Jones is away and Smith is ill’ in ‘Neither is Jones not 
away nor is Smith not ill’; and ‘Jones is away or Smith is ill’ 
amounts obviously to the denial of ‘Neither is Jones away nor is 
Smith iir. 

Definitions of ‘"(<^> D and s are apparent from earlier 
observations (§§ 2, 3): 

D4. for 

D6. ^{4> = for 3 ^) - (^ 3 0))"’. 

^(<t> 3 yl^y and ^(<l) = are defined ultimately in terms of joint 
denial, by virtue of these two definitions together with their pred- 
ecessors. D4, for example, defines ^(<t> 3 as <!> | rp)"' 

in view of D3, and hence as 

1<I>) 14^) i ((<^> i 0) i 0))"’ 

in view of Dl. 

As stated earlier (§ 7), indications of grouping in an iterated 
conjunction or alternation will often be suppressed in view of the 
fact that differences in this respect are immaterial to truth value. 
Let us now give this procedure the status of definitional abbrevi- 
ation, by construing the ungrouped conjunction or alternation as 
shorthand for a conjunction or alternation grouped in some one 
arbitrary fashion. The following definitions will serve. 

D6. '"(^1 - <t >2 - <kT for ^((^1 - 02)%03)"‘, 

^(01 - 02 - 03 • 04)'* for ^(((01 . 02) . 0$) . 04)''? etc, 

D7- ^(01 V 02 V 03)’’ for ''((01 V 02) V 03)"*, 

''(01 V 02 V 08 V 04)'' for ^(((01 V 02) V 03) V 04)'', etc. 

Over the shorthand introduced by Dl-7, further shorthand is 
superimposed by the technique of using dots instead of parentheses 
(§ 7). That technique will not be formulated in a numbered 
definition, but it has the same status. 

Joint denial is not the only truth-functional mode of composition 
which is adequate to definition of all the rest. The same is true of 
alternative denial^ which is described by the following truth table: 
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4 , 4 , '•(^1 

T T F 

F T T 

TFT 
F F T 

Just as ''{(ft I is equivalent to ''( (j) ■ \[^y and to (0 V 

so '"(<#> 1 ypy is equivalent to v ^ and to (<^ . 

Novr denial, conjunction, and alternation can all be translated into 
terms of this one mode of composition, as follows:^ as 

''(<A 1 <I>V 9 ^(<t> ■ as '■((<^ \i')\(<l>\ and '“(<#> v as 

1 <#>) I 1 4dV* This can be checked by tables just as was 

done in the case of joint denial. Instead of adopting joint denial 
as our primitive mode of composition, then, we might just as well 
have chosen alternative denial. Dl would then give way to: 

Dl'. for 

Similarly •“(<#» . i/)'' and v would be introduced as abbrevi- 
ations of ‘‘((<#> 1 1 (<<> 1 idT and 1 <#>) 1 1 ^))‘’. Simplified 

by application of the abbreviation Dl', these definitions appear as 
follows: 

D2'. for 

D3'. '"(<#» v^)-^ for 

Choice between this course and the previous one is a matter of 
indifference. But there is no third course affording equal economy j 
it can be shown that the truth-functional modes of composition are 
not all reducible to any binary one other than joint and alternative 
denial.^ 

^ The definability of denial, conjunction, and alternation in terms of joint denial 
was first pointed out by Sheffer in 1913; and similarly for alternative denial. The 
adequacy of joint denial was known to Peirce in 1880, and both facts were known to 
him in 1902; but his notes on the subject remained unpublished until 1933 (4.12, 
4.264). 

a Cf. tylinski. 
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§ 10 . Tautology 


THUS FAR in our study of the truth-functional modes of com- 
position we have devoted our attention to concepts and notations. 
We turn now to principles, logical truths. The study of the logical 
truths at this level proves to be a trivial one, and will not detain 
us long. 

\ Statements which are true by virtue solely of the truth-functional 
[nodes of composition will be called t^tologousj they involve only 
the truth-functional notations essentially, all else vacuously (cf. 
Introduction). If we think of all such notations as merely abbre- 
viating iterated joint denials, according to Dl-5 (§9), then we 
may describe a tautologous statement as one which involves only 
‘ I ’ (better, ‘ ( i ) ’) essentially. All tautologous statements 
are logically true, but not all logically true statements are tau- 
tologous. The method of showing a statement to be tautologous 
consists merely of constructing a table under it in the usual way 
(§ 3) and observing that the column under the main connective is 
composed entirely of ‘T’s. When this is the case we know that the 
statement is true by virtue solely of its truth-functional structure 
and independently of the ultimate constituent statements. 

For example, where <#>, and x Jare any statements, D ^ ^ D 
X -V. X 3 <l>^ is found to be tautologous by constructing Table 1 and 
observing its eighth column; D ^ ,D <;> : s (pis found tautologous 


3 ^ ^ D X -V. X ^ 


TT TT TP TP TP TP TP 

FTTTTTT 

TFFFFTT 

FTFTFTT 

TTTFTFF 

FTTFTFF 

TFFFFTF 

FTFTFTF 


T 

T 

T 

T 

T 

T 

T 

T 


TXT 

TFF 

TXT 

XFF 

FXX 

F,XF 

FXX 

FXF 


’’if) 'y rf> 

■3 <l> 

:=<p 

V (fp 

XXFX 

FXXF 

XXX 

XX 

XX 

TABLE 3 

FXX 

F F 

XF 


XFF 

XX 

XX 


FXF 

F F 

XF 

(<^ . ~ <!>)'' 

TABLE 2 


X XFFX 




X FFXF 


table 1 


TABLE 4 
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by constructing Table 2 and observing its sixth column; '"0 v ^ 0“^ 
is found tautologous by constructing Table 3 and observing its 
second column; and {<!> . is found tautologous by con- 

structing Table 4 and observing its first column. 

^ <jp illustrates the law of the excluded middle^ which is com- 
monly phrased as saying that every statement is true or false; and 
((j ) . <^)”’ illustrates the law of contradiction — no statement is 

both true and false. These two laws are not to be identified with 
<IP and (<^> . ^ 4>V themselves; the latter are un- 
specified statements pending specification of 0, and they become 
the minor truths 'Jones is illV'^Jones is ill' and (Jones is 
ill . Jones is ill)' when 0 is specified as 'Jones is ill'. But the 
law of the excluded middle may be formulated as saying that 
■"0 V 0“* is true for every statement 0, and the law of contra- 
diction correspondingly. 

For any statement 0, the compounds ^<j>y (fp and ^ . 

0)'* are obviously and trivially true. Many longer tautologous 
statements are equally obvious, e.g. v , 

^■0 = 0 .=, 0 = 0*1, f*0 D 0 . 0 D X ^ x’’. 

This is not, however, characteristic of all; the ones established in 
Tables 1 and 2, e.g., are far from obvious. But if tautologous state- 
ments are not in general obvious, at least they are essentially 
trivial, in that they can be proved by the simple mechanical ex- 
pedient of truth tables. 

When the truth tables produce a solid column of ‘T's under the 
main connective of a statement, we know the statement is tautolo- 
gous. But note that the appearance of an 'T' in the column is not, 
conversely, a proof that the statement is not tautologous. A table 
for '“x 3 0 .s 0"^, e.g., indicates falsehood in the fourth case: 

•"x 3 0-= 

FTF FF 

Yet, as Table 2 shows, ^x 3 0 .= 0”' will still be tautologous if x 
happens to be ^0 D 0"*. In general, though the truth-table test may 
give a negative result when a statement is analyzed into com- 
ponents 01, 02 , - 7 0n, analysis into shorter components 0'i, 0 ^ 2 , 
. . . , 0'n# may still show the statement to be tautologous. The 
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occurrence of an ‘F’ in the column under the main connective does 
not disprove that a statement is tautologous, unless we know that 
we have analyzed the statenfient into its ultimate truth-functional 
components and thus laid bare the whole of its truth-functional 
structure. 

Precise formulation of this notion of ultimate truth-functional 
components is facilitated by taking joint denial as our primitive 
truth-functional mode of statement composition and thinking of 
*v*, O’, and ‘s’ as merely an unofficial shorthand 
eliminable by Dl-5.^ The immediate truth-functional components 
of <#), now, are to be understood as the yp and x (if such there be)* 
zohose joint denial i x)"’ <#>• The truth-functio7ial components 

of more generally, are to be understood as comprising 0 itself ^ 
together with its immediate truth-functional components (if any), 
together with the immediate truth-functional components of those 
immediate truth-functional components (if any), and so on. The 
ultimate truth-functional components of <j>, finally, are those 
truth-functional components of which are not joint denials in 
turn. 

Now a tautologous statement is describable as one which proves 
true by the truth-table method under every assignment of truth 
values to its ultimate truth-functional components. This de- 
scription of tautology is more explicit and mechanical than the 
earlier description in terms of essential occurrence, but the truth- 
table method to which it refers could do with more explicit charac- 
terization in turn. 

As we have seen, there are possible distributions of truth 
values to the ultimate truth-functional components 0i, . . . , 

of the first distribution marks all as true, the second marks </>i 
false and the rest true, the third marks <#>2 false and the rest true, 
the fourth marks <l>\ and <^>2 false and the rest true, and so on. Con- 
sultation of the truth tables of ‘ J, ’, ‘v’, ‘3’, and ‘s’ 

enables us, under each one of these 2^ distributions, to derive truth 
values step by step for more and more complex truth-functional 
components of until finally p itself is marked as true or as false. 

1 The ensuing developments would proceed analogously if alternative denial 
were taken as primitive instead of joint denial. 
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For each i from 1 to 2”, thus, there is a definite set of truth-func- 
tional components of which will be marked true; let us call this 
set the ith truth set of It comprises those of <#> 2 , . . . , <j>n which 
are marked true under the ith distribution of truth values, together 
with all those more complex components of <f> which come deriv- 
atively to be marked true by consultation of the tables of ‘ j 
\\ ‘v’, and ‘ = Described in terms of the tabular 
constructions, as of Tables 1-4, the ith truth set comprises those 
statements which are marked ‘T* in the tth row. The third row of 
Table 2 shows, e.g., that the third truth set of '‘<#>3 ^ (jP 

embraces <^), '‘<^> D ^ -D <IP, and '"0 D ^ .D <^> : = (if we suppose that 
<t> and yp here are the ultimate truth-functional components). 

Towards a more rigorous characterization of this notion of truth 
set, let us take ' i ’ again as our primitive connective and think of 
‘v’, O’, and * = ’ as mere shorthand. Now a truth set 
S of <i> will Include, to begin with, anywhere from all to none of the 
ultimate truth-functional components <^i, , <t>n of (f> (depend- 

ing on whether S is the first, second, . . . , or 2”th truth set). From 
among the truth-functional components of <l> having the form 
'“<!>{ i next, we decide which ones accrue to S by consulting the 
joint-denial table: 

^<t>i i <I>P 
TFT 
F F T 
T F F 
F T F 

In view of this table, we accord ^0,* | 0y“’ to S if and only if S in- 
cludes neither <t>i nor 0y. Similarly for the succeeding levels of 
complexity: any truth-functional component I (l>j) i <pp or 
^<t>k i (<l>i i <fe)^ of will belong to S if and only if neither of 
the parts ^<f>i J, 0,"* and 0^ belongs to S; likewise any truth-func- 
tional component ‘“(0y J, 0y) i (<t>k i 0/)"* of 0 will belong to S if and 
only if neither of the parts ‘■(0; i 0y)"’ and '"(0^ j 0/)“’ belongs to S; 
and so on. In general, (I) any joint denial ^0 | x"* which is a truth’- 
functional component of 0 will belong to S if and only if neither 0 nor 
X belongs to S. From among the ultimate truth-functional com- 
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ponents <^i, > 2 , . - . ? 0n of <#>, a truth set S may contain any arbitrary 
selection (there being a different truth set for each such selection) ; 
but once this part of S is fixed, the rest of the membership of S is 
fixed by (I). Thus a truth set of 4> is describable simply as any set S 
of truth-functional components of p which conforms to (I). 

To say that p proves true by the truth-table method under each 
assignment of truth values to its ultimate truth-functional com- 
ponents is merely to say that p belongs to each of its truth sets, 
since the successive truth sets of <t> comprise those components of <t> 
which are marked ‘TMn the successive rows of the truth table. 
We thus arrive at the following formulation of the notion of tau- 
tology: p is tautologous if and only if it belongs to each of its truth 
sets^ 

When a statement is written out in full, with all the abbrevi- 
ations \\ ‘v’, OS and ‘^’eliminated in favor of ‘ i \ the 
writing of rows of ‘T’s and ‘F’s under the statement in usual truth- 
table fashion is merely a way of recording the successive truth sets. 
Thus it is that solid ‘T’s, in the column corresponding to the whole 
statement, establish tautology. In practice, of course, we do not 
eliminate the abbreviations \\ ‘v’, O’, and in con- 

structing the truth table of a given statement we thus consult not 
only the table of ‘ ’ but also those of etc. This is just a 

shortcut, based on the consideration that the tables of 
etc. record the net results of expanding etc. into terms of 

‘ I * and applying the table of ‘ i ’ (cf. § 9). 

Often a statement is not given explicitly, but is described only 
incompletely in terms of unspecified components designated by 
Greek letters ‘<l>\ V’, etc. Such is the situation confronting us in 
Tables 1-4. Under these circumstances we do not know whether 
etc., are ultimate components; consequently, as remarked 
earlier, the presence of an ‘F’ in the main column of the table will 
not rule out the possibility that the statement is tautologous. It is 
important to note, however, that the opposite sort of reasoning 
does hold: when the main column exhibits ‘T’ throughout we can 
conclude that the statement is tautologous regardless of whether 
the Greek letters refer to ultimate components* Consider, e.g., 
Table 1. The ‘T’ in the first row and main column shows that the 
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whole statement will belong to all truth sets which contain 
and x; the ‘T’ in the second row and main column shows that the 
whole statement will belong to all truth sets which lack <i> and con- 
tain ^ and x; and so on. Table 1 shows therefore that the whole 
statement belongs to all its truth sets, regardless of what the nature 
and number of its ultimate truth-functional components may be. 
The table shows that any statement of the form *■<;> 3 ^ ^ D X -v. 

<P is tautologous, regardless of the complexity of yf/, and x- 

The term ‘tautology* is taken from Wittgenstein. The present notion of tautol- 
ogous statements, as those true by virtue solely of truth-functional composition, 
seems to agree with his usage; he contrives to make the term cover truths which 
involve also quantification, but this is consequent only upon an effort to explain 
quantification as a sort of infinite mode of truth-functional composition. A broader 
use of the term ‘tautologous’ has arisen in subsequent literature, because of Witt- 
genstein’s doctrine that all mathematics and logic is tautologous. This doctrine 
was intended by Wittgenstein as a thesis, not as a definition of tautology; and in- 
deed it is a difficult thesis to defend. But some who do not maintain the thesis in ' 
any such form, and who regard the inferences of logic and mathematics as “merely 
verbal transformations” or “disguised repetitions” only in some much broader 
sense, have been led thus to transfer the term ‘tautologous’ to this broader sense. 
It is not clear just what this broader sense is (cf. my “Truth by Convention”); 
but, whatever it is, there is already a term of long standing ready at hand for it — 
Kant’s term ‘analytic*. Hence, following a suggestion of Carnap’s, I am confining 
the term ‘tautologous’ to the narrower sense — though in abstraction from Witt- 
genstein’s theories. 

A rule amounting substantially to the tabular test of tautology was set forth by 
Peirce (3.387 f), and is indeed implicit in Boole’s general rule of development. 
The rigorous formulation of tautology presented above is new. Another formulation, 
equally strict but more complex, has been offered by Tarski (“ Untersuchungen,” 
Def. 4). 


§ 11 . Selected Tautologous Forms 

THERE IS no en<i to the variety of ways in which statements can 
be compounded by truth-functional connectives to produce tau- 
tology. From among this infinity of forms, certain samples were 
considered in the preceding section. Further samples, all of them 
conditionals or biconditionals, will now be recorded and com- 
mented upon. 



56 


STATEMENTS 


§11 


Where 0 is any statement, the statements 


(1) 


(2) 

^p S p 

(3) 

''(p s. (j) . 

(4) 

''(p m.(pv<p'' 


are tautologous.^ This can be verified by constructing four'two-row 
tables, in the manner of Tables 3 and 4 of § 10. The correlative 
conditionals ^<l> D (jP, ^<I)D ^ ^ <IP, ^ <j>D </>“', etc. are of course 
likewise tautologous. 

A binary mode of statement composition, rendered say by the 
connective is said to be reflexive if k <iP is true for all state- 
ments 4>y and idempotent if ^</> =. <^> «: 0“* is true for all statements 
0. The tautology = <iP and D (jP thus shows the reflexivity 
of the biconditional and the conditional; and (3) and (4) reflect the 
idempotence of conjunction and alternation. The lazv of double 
denial^ according to which consecutive denial signs cancel, is re- 
flected in (2). 

The property of tautology provides derivative relations of 
tautologous implication and equivalence which are narrower than 
logical implication and equivalence (cf. § 5). p may be said to 
imply p tautologously when D pp is tautologous; and p may be 
said to be tautologously equivalent to p when ^p s is tautolo- 
gous. The antecedent of a tautologous conditional tautologously 
implies the consequent, and the two sides of a tautologous bicon- 
ditional are tautologously equivalent. From the tautologous forms 
listed in (l)-(4), thus, we see that any statement is tautologously 
equivalent to itself, to its double denial, to its self-conjunction, and 
to its self-alternation. 

Where p and p are any statements, the conditionals 

(5) ^p .p .D </>■*, 

( 6 ) ^pD.pyp-^ 

are tautologous. This can be verified by construction of four-row 
tables, in the manner of Table 2 of § 10. Conjunctions tautolo- 

' Note incidentally that (2)-(4) are merely diflferent abbreviations, by Dl-3, of 
one and the same form: 


'■<6 s i <6) i 1 <l>))\ 
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gously imply their components, and alternations are tautologously 
implied by them. 

A mode of statement composition is said to be commutative if 
^<t> Kyp , = K <p is true for all statements <l> and Conjunction, 
alternation, and the biconditional are commutative; for, where (j> 
and yff are any statements, construction of tables shows that 


(7) 

^<p . \p . = . yp . <p'~', 

(8) 

^<p V yp . = uyp \/ <P'^, 

(9) 

-©■ 

ili 

Ilf 

III 

■0- 

L 


are tautologous. 

DeMorgans law^ according to which a denied conjunction is 
equivalent to the alternation of the denials and a denied alternation 
is equivalent to the conjunction of the denials, is reflected in the 
following two forms of tautology. 


( 10 ) (<j) .yf) yp"^. 

( 11 ) {(pV yp) ^ (p , ^ yp"^. 

In yiew of D 4 , ( 11 ) has: 

( 12 ) ((pD yp) cp , ^ yp"' 

as a minor variant. The three forms (10)-(12) show how to break 
up a denied conjunction, alternation, or conditional. The tautol- 
ogous form 

( 13 ) (cp = \p) ~ 1 ^"' 

does the same for the biconditional. 

The lazv of transposition, according to which the antecedent and 
consequent of' a conditional may be switched provided that each is 
changed to the extent of attaching or dropping an initial denial 
sign, is reflected in the tautologous forms 


(14) 

^<pD yp ^ypD ~ 

(15) 

<pD yp ^ypD (p'', 

(16) 

^<pD ^ yp .^.yp'^ ^ (p"^. 


Note that (16) is merely a case of (8), in view of 04. 

There are related tautologous forms for the biconditional: 


(17) 

(18) 



0 = ^ 

(p S yp'^. 
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From (18) and (13) we see that the position of a denial sign in a 
biconditional is immaterial; it may apply to either component or 
to the whole with no difference of effect. 

The next four tautologous forms show ways of transforming a 
conjunction, alternation, or conditional into a biconditional. 


(19) 

^<t> uyp ^ = : <i>0rp~'. 

(20) 

'”</) V ^ ^ 3 

(21) 

<t> =. <f> .4'"'. 

(22) 

''(pDp .Slip 


laws of development^ whereby a statement p can be elab- 
orated into an equivalent which incorporates any desired second 
statement are depicted in the tautologous forms 

(23) ^<j> <j>y ^ , <f)\/ ^ 

(24) s ^ .v. 0 . 

A mode of statement composition is said to be transitive if 
K \l/ n yj/ K X ^ 

is true for all statements and x* Conjunction, the conditional, 
and the biconditional are transitive; for, where 0, and x are any 
statements, construction of tables shows that 


(25) 

’'<p .-p i-p .xO.<p .-iC, 

(26) 


(27) 

'’p = p .p s X-^’P - X 


are tautologous. The tables wanted here will have eight rows 
apiece, in the manner of Table 1 of § 10. Note, however, that the 
labor of an eight-row table can often be reduced by a judicious ap- 
proach. Consider, e.g., (26), Any chance of falsifying this con- 
ditional would require falsifying the consequent D x’'> and hence 
assigning ‘T’ to <l> and ‘F' to x; consequently our construction can 
be limited to two rows, corresponding to the assignment of *T^ 
and *F* to the remaining component yj/: 

D ^ . yp'i X '3- 3 x’’ 

TTTFTFF T TFF 
TFFFFTF T TFF 



59 


§11 SELECTED TAUTOLOGOUS FORMS 

The tautologous forms 

(28) 

(29) ''</> 3 ^ .3-“ V X -3- ^ V 

show that a true conditional remains true when antecedent and 
consequent are elaborated uniformly by conjunction or alternation. 
The tautologous forms 

(30) D. lA 3 x“^ • ^ 3. </> D x'’j 

(31) ‘“0D. X x"* 

show two useful ways of transforming an iterated conditional. A 
third way appears in (44), below. 

A mode of statement composition is said to be associative if 

^c{^(^KxV 

is true for all statements and x; in short, if grouping is im- 
material. Conjunction, alternation, and the biconditional are 
associative; for, where <^, and x are any statements, the state- 
ments ^ 

(32) ' :x x^ 

(33) '"<^) V .V X V . t/' V x"^, 

(34) '■0 s ^ X :=: ^ = x"* 

are tautologous. The associativity of conjunction and alterna- 
tion was observed earlier (§ 7); but the associativity of the 
biconditional is perhaps surprising enough to move the reader to 
work out the table for (34) himself. 

In the case of conjunction and alternation, associativity 
prompted a special notational convention (D6-7, § 9) ; but a 
corresponding convention for the biconditional is inadvisable. 
The notation ^ = x"" is likely to suggest, not ^ x”* 

nor '■<^> = . ^ = x"*? but rather ^ , t/' = x’’ — on the analogy of 
the continued equation ‘a: = y = z\ The conditions under which 
= }[/ ,^ x' (or '"0 ^ ^ x"*) is true are not those under which 

^ ^ = x"" is true; the latter is true when </>, and x are 
alike in truth value, but the former proves to be true rather when 
just one or all of 0, and x are true. 

In an iterated conjunction, alternation, or biconditional the 
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(commutativity and associativity). In the case of conjunction and 
alternation, repetition of components has likewise been seen to be 
immaterial (idempotence). Any two iterated conjunctions, formed 
from the same components with or without repetitions, are equiv- 
alent — tautologously equivalent; and similarly for alternation. 

But the biconditional, which lacks idempotence, happens to 
behave yet more simply under repetition of components: the 
repetitions cancel out in pairs, in view of the fact that 

(35) ^ 

is tautologous. Two iterated biconditionals are tautologously 
equivalent whenever the components appearing an odd number of 
times in each are the same. This principle is a consequence of 
another equally curious one: any iterated biconditional is tautolo- 
gous if each component occurs an even number of times.' Further, 
any compound built up by the biconditional and denial is tautolo- 
gous if each component occurs an even number of times and there 
are an even number of denial signs.- Note, e.g., that (1), (2), (9), 
(13), (17), (18), (34), and (35) involve and ‘ twice each 

if at all. 

Given any binary modes of statement composition, rendered 
say by the respective connectives k and fi. the first is said to be 
disiributiz'e into the second if 

x) '=• {<l> IJ’ {<l> K xT 

is true for all statements <j), and x-'^ Distributivity always justi- 
fies an operation analogous to that of “multiplying through’' in 
arithmetic: :j:(y 4- 2 ) - xy + xz. Now conjunction turns out to be 
distributive into itself and alternation; and alternation and the 
conditional turn out to be distributive into conjunction, alterna- 
tion, the conditional, and the biconditional. Where (^>, yf/, and x 
any statements; 

(36) '"0 ; ^ . X ^ - x’’. 

(37) '"<#> . V X ^ .v. <;> . x^ 

^ Lesniewski, “Grundziige,” pp. 26, 29. 

® This was pointed out to me by Dr. J. C. C. McKinsey. 

® The first mode of composition may likewise be said to he distributive out of 
the second if « x • = • « x) m kx)"* is true for all statemenrsd>»’A» X* 
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(38) V. i// . X V ^ . 0 V 

(39) '"<^)V.;;^vx :-:<#>v^.v.<^vx^ 

(40) '"</) V. ^ D X I ^ n V ^ .Dp V x"*? 

(41) = X vx^ 

(42) '■<^)D. ^,x :=-<^^^/'-<^>Dx^ 

(43) ^0 D. ^ V X : 0 D ^ .V. <^> D x”*, 

(44) '"0 D. 0 D X : 0 D 0 .D. 0 D x"*, 

(45) '■0D. 0 = X :=:0D0-=. 0D x’’ 

are tautologous. 

Along with (42) and (43), note the further tautologous forms 

(46) ‘"0 . 0 .D X n = i 0 D X -V. 0 D x"*? 

(47) '■0 V 0 .D X 0 3 X - ’Z' ^ x"'- 

In view of (42), a conditional with conjunctive consequent amounts 
to a conjunction of conditionals; in view of (46), however, a con- 
ditional with conjunctive antecedent amounts to an alternation of 
conditionals. (47) contrasts with (43) in analogous fashion. 

The form (45) shows one useful way of transforming '"0 D. 0 = x'’J 
the following shows another: 

(48) ""0 D. 0 = X - = ■ 4 > • x’'. 

Continually, in subsequent developments (§§ 17 fF.), we shall 
find ourselves called upon to recognize simple forms of tautology. 
The method of truth tables is always available for the purpose; 
but since in many cases the form to be recognized will be one or 
another of the foregoing forms (l)-(48), or a minor variant thereof, 
the reader will save time by familiarizing himself with these. 

Most of the tautologous forms (l)-(48) are cited, along with numerous others, 
by Whitehead and Russell (*l-*5). The bulk of them were known to earlier 
authors — Frege, Peano, Schroder, Peirce, Boole. Many were indeed anticipated, 
as Lukasiewicz points out (“Zur Geschichte”), by the Stoics in ancient times and 
by Petrus Hispanus, Duns Scotus, and others in the Middle Ages; w^hat has come 
to be known as De Morgan’s law, e.g., goes back to Petrus Hispanus. But one or 
more of (19), (20), (40), and (41) may be new to the literature. 

The terms ‘idempotent’, ‘commutative’, ‘associative’, and ‘distributive’ are 
borrowed from abstract algebra, where their use is closely analogous to that de- 
scribed above (cf. §33). The terms ‘reflexive’ and ‘transitive* are from relation 
theory (cf. § 42; also § 25). 
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§ 12 . The Quantifier 


THE TRIVIAL statement: 

(1) 9 is less than, equal to, or greater than 0 

is translatable into arithmetical and logical symbols thus: 

(2) 9 < 0 -v. 9 = 0 .V. 9 > 0. 

But the statement: 

(3) Every number is less than, equal to, or greater than 0, 

despite its superficial resemblance to (1), is not correspondingly 
translatable as: 

(4) Every number < 0 .v. every number = 0 .v, every number 

> 0 ; 

for (3) is true, if we suppose imaginary numbers excluded, while 
(4) is false. The alternation (4) says that some one of the three 
categories exhausts all numbers, while (3) says only that the three 
categories together exhaust all numbers. (3) calls for expansion 
rather into some such form as this: 

Whatever number you may select, it will be less than or 
equal to or greater than 0; 
or, incorporating the arithmetical and logical notation: 

(5) Whatever number you may select, it < 0 -v. it = 0 .v. it 

> 0 . 

As a step toward further logical notation we might compress (5) 
thus: 

(6) whatever number (it < 0 .v, it = 0 .v. it > 0). 

Note, by way of contrast, that this rudimentary notation endows 
the falsehood (4) rather with the following form: 

whatever number (it < 0) -V. whatever number (it = 0) 

-V. whatever number (it > 0). 

What (2) says about the number 9 is, as we have noted, true of 
all numbers. This fact is expressed in (3), and again in (5) and (6). 

65 
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It is expressed in (6) by putting ‘it' for ‘9' in (2) and applying 
the prefix ‘whatever number’. But note now that what (3) says 
about 0 is in turn true of every number. A statement to this 
effect can be formed from (3) just as (6) was formed from (2): 

(7) whatever number (every number is less than, equal to> 
or greater than it). 

Now the parenthesized part of (7), viz.: 

(8) every number is less than, equal to, or greater than it, 

still Avants translation into our new notation. Since (8) differs from 
(3) only in containing ‘it* instead of ‘O', the translation of (3) into 
(6) suggests translation of (8) into: 

(9) whatever number (it < it .v. it = it .v. it > it). 

But this translation is inacceptable; it turns (7) into: 

(10) whatever number (whatever number (it < it .v. it ~ it 
.V. it > it)), 

wherein the distinction is lost between the ‘it's which correspond 
to the outer occurrence of ‘whatever' and the ‘it’s which corre- 
spond to the inner occurrence of ‘whatever’. 

This difficulty can be overcome by returning to (6) and (7) and 
revising our basic notation, to the extent of tagging ‘w'hatever’ and 
‘it’ with one or another arbitrary subscript to show that they 
belong together. (7) and (6) might be rendered respectively: 

(11) whateveri number (every number is less than, equal to, 
or greater than iti), 

(12) whatever 2 number (it 2 < 0 -V. it% ~ 0 .v. it 2 > 0). 

Now the parenthesized part of (11), viz.; 

(13) every number is less than, equal to, or greater than iti, 

differs from (3) only in containing ‘iti' instead of ‘O'. Parallel to 
the translation of (3) into (12), we can translate (13) into: 

(14) whatever 2 number (ito < iti -v. it 2 = iti -V. it 2 > iti), 

which differs from (12) only in containing ‘iti' instead of ‘0’ 
Thus (11) in its entirety becomes: 
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(15) whateveri number (whatever 2 number (it 2 < iti .v. ita = iti 
.V. ita > iti)). 

Such use of two sets of ‘it’s with distinguishing subscripts 
corresponds to the common use of ‘former’ and ‘latter’. 
(15) might be rendered thus in ordinary language: 

Whatever number you may select, it will turn out, 
whatever number you may next select, that the latter 
is less than, equal to, or greater than the former. 

In more complex cases there may be more than two distinct sub- 
scripts; such cases are commonly handled in ordinary language, 
not by the ‘former-latter’ idiom, but by the device of speaking of 
the first, second, third, etc. in an arbitrary order. It is after this 
device that the present use of numerical subscripts is patterned. 

But a more compact and convenient notation consists in using 
simply different letters^ instead of ‘it’ with different subscripts, and 
then using the same letter in parentheses instead of ‘whatever’ 
with the corresponding subscript. Thus revised, (12) and (15) 
appear as follows: 

(16) (y) number (y < 0 .v, y = 0 .v. y > 0), 

(17) (at) number ((y) number (y < .v. y = a; .v. y > at)). 

Similarly ‘All men are mortal’, or ‘Every man is mortal’, becomes: 

(18) (a:) man (a: is mortal). 

Again, ‘No man has seen every city’, or in other words ‘ Every man 
is in the position of not having seen all cities’, becomes: 

(a:) man (:v has seen all cities). 

But ‘a: has seen all cities’, or ‘at has seen every city’, gives way 
similarly to ‘(y) city {x has seen y)’; so the whole becomes: 

(19) (:v) man (y) city {x has seen y). 

Such prefixes as ‘( 5 ;) number’, ‘(x) man’, ‘(y) city’ may be 
read ‘no matter what number x may be’, ‘no matter what man x 
may be’, ‘no matter what city y may be’. The tentative sym- 
bolism at which we have arrived is thus a regimentation of the 
familiar practice, in algebra and elsewhere, of using letters to 
achieve generality. An algebraic discussion which contains ‘x’. 
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and is supposed to hold for every number Xy can now be explained 
as tacitly prefaced in the fashion '(x) number ^ The algebraic use 
of letters was characterized earlier (§ 6) in a rough, tentative way; 
the letters were spoken of as names of unspecified numbers, am- 
biguous names of numbers, signs replaceable by names of any 
numbers. Now the status of such letters is clearer; the use of 
'y \ etc. in connection with prefixes ‘ {x) number’, '{y) num- 
ber’, etc. involves nothing beyond what was just now explained in 
terms of ‘whatever’ and pronouns. There are indeed uses oi ^x* 
in algebra which do not lend themselves immediately to formula- 
tion in terms of the idiom ' {x) number’, or ‘no matter what num- 
ber X may be’; often the appropriate prefix is rather ‘there is a 
number x such that’, or ‘the number x such that’, or ‘the class of 
all numbers x such that’. It will be found, however (§§ 19, 26, 27) 
that all such apparently divergent uses admit finally of translation 
into forms involving just the idiom now under consideration. 

What has been said concerning algebra applies also to the 
analogous use of letters in non-numerical fields; e.g., to the use of 
Greek letters in discussions of expressions. Use of ‘m’ in saying 
something about all expressions, or of in saying something about 
all statements, would now be explained in terms of such prefixes as 
‘ (/i) expression ’ and ‘ (<^) statement ’ — or better ‘ {x) expression ’, 
‘(at) statement’. To insist on explicit reformulations of this kind 
in all future discussions would, however, be as unwarranted as to 
insist on elimination of the words ‘or’, ‘and’, and ‘if-then’ from 
future discussions in favor of ‘v’, and ‘D’. Most things can be 
explained clearly enough by the common-sense sort of statement; 
it is rather when the statement itself becomes an object of analysis 
that its full translation into the logical notation becomes partic- 
ularly advantageous. 

The notation exemplified in (16)“(19) is only tentative, and will 
now undergo further evolution. Consider the statement ‘Every- 
thing is identical with itself’. Paraphrased in the manner of (5), 
this becomes: 

(20) Whatever you may select, it = it. 

But the limitation imposed by the word ‘number’, in (5), has no 
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analogue In (20). We may appropriately put (20) into symbols by 
following the pattern of (16) and (18) but omitting any ran<re- 
indicator such as ‘number’, ‘man’. We have: "" 

(21) (x)(x ^ x). 

Just as the prefix ‘(*) number’ may be read ‘no matter what 
number x may be’, so the simple prefix ‘(*)’, as of (21), may be 
read simply ‘no matter what x may be’. Now a prefix such as 
(x) number , (x) man , etc. can be eliminated, always, in favor 
of the simple kind of prefix used in (21). E.g., the statement: 

(22) No matter what man x may be, x is mortal 
can be paraphrased as: 

(23) No matter what x may be, if x is a man then x is mortal. 

Instead of limiting our assertion to men at the start, we admit all 
entities at the start and then employ the conditional form to spare 
the non-men. Thus (18) gives way to: 

(24) (x)(x is a man J. x is mortal). 

In general, the form ‘(x) M ( )’ gives way to ‘(x)(x is an M 

)'• (16), (17), and (19) become: 

(25) (y)(y is a number .3: y < 0 .v. y = 0 .v. y > 0), 

(26) {x){x is a number D 

(y)(y is a number O: y < x .v, y = x .v. y > x)), 

(27) . (x)(x is a man .D ~ (y)(y is a city D. x has seen y)). 

The notation (16)-(19) involving range-indicators will never be 
used hereafter; the notation exemplified by (21) and (24)-(27) is 
adopted as standard. 

The prefixes (x)’, ‘(y)’, etc. are called ^raifiers, and their'. 

use m forming statements is known as quantification. The letters 

letters ‘x’, ‘y’, etc. themselves are calle'd variables. In order that 

the letters available as variables may not be limited by the bounds 

of the alphabet, further ones are formed by means of accents; thus 

the variables will be understood as comprisine ‘w\ ‘x’ ‘v’ ‘z’ 

> 3 ', 

Though the word ‘variable’ has been retained here out of con- 
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sideration for established usage, the ‘'variation’' connoted belongs 
to a vague metaphor which is best forgotten. The variables have 
no meaning beyond the pronominal sort of meaning which is re- 
flected in translations such as (20); they serve merely to indicate 
cross-references to various positions of quantification. Such cross- 
references could be made instead by curved lines or honds\ e.g., we 
might render (27) thus: 



( ) (' is a man -D 
and (26) thus: 


IS a city .j 



( ‘ ) (' is a number -D ( ) ( is a number -D, 


But these “quantificational diagrams” are too cumbersome to 
recommend themselves as a practical notation; hence the use of 
variables. 

Quantification cuts across the vernacular use of ‘all’, ‘every’, 
‘any’, and also ‘some’, ‘a certain’, etc. (cf. §19), in such fashion 
as to clear away a baffling tangle of ambiguities and obscurities. 
One of the anomalies of the common idiom was noted at the begin- 
ning of the section, and many further instances suggest themselves. 
Consider e.g, the statements: 

(28) Smith can outrun every m^n on the team, 

(29) Smith can outrun any man on the team, 

(30) Smith cannot outrun every man on the team, 

(31) Smith cannot outrun any man on the team. 

Clearly (28) and (29) are equivalent, and (30) is the denial of 
(28); but (31) is not correspondingly the denial of (29). Whereas 
(28) and (29) are: 

(32) is a man on the team .3. Smith can outrun x) 
and (30) is: 

(33) ^ (a:)(^ is a man on the team -D. Smith can outrun 
(31) is rather: 
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(34) (^)(a: is a man on the team -D- ^ Smith can outrun x). 

The faultiness of the vernacular is illustrated again in the tendency 
to blur the distinction which is dealt with below in *139 (§ 1*9). 
The device of quantification subjects this level of discourse, for the 
first time, to a clear and general algorithm. It reveals the precise 
connection, hitherto obscure, between general statements and 
truth-functional composition; in (25) and (32)-(34), e.g., unlike 
their idiomatic equivalents (3) and (28)--(31), the relevant truth- 
functional structure is clearly exhibited, 

Frege (1879) was the first to devise a general notation of quantification, using 
auxiliary variables in the modern fashion. So important was this step that we 
might indeed look upon Frege, rather than Boole, as the founder of modern logic. 
The present notation, easier to print than Frege’s, is from Whitehead and Russell. 
The pronominal character of the variable was clear to Peano {Formulaire, 1897, 
p. 26; 1901, p. 2); but it is only with the advent of combinatory logic, founded by 
Schonfinkel and developed by Curry, that the r6le of the variable as an index of 
cross-reference has received full analysis. The analysis consists in showing how 
variables can be eliminated in favor of a few constant terms de.signating functions 
of functions (or relations of relations). See Schonfinkel; also Curry’s **Grund- 
lagen,” “Apparent Variables,” and “Functionality,” Rosser’s “Mathematical 
Logic”, and my “Reinterpretation” (which cites further papers by Curry). 


§ 13 . Formula 

WHEREAS '(jt')(^ is blue)’ is a false statement to the effect that 
everything is blue, and ' {x){x =;r)’ is a true statement to the 
effect that everything is itself, the components is blue’ and 
*x ^ X* are neither true nor false; they are not statements at all, 
but statement matrices — expressions which would be statements 
if they contain^* names instead of variables. Between 'x 
and ^x is blue’ there is, indeed, this difference: all statements 
formed from ‘x - x^ hy putting a name in place of 'pc’ are true, 
while some statements so formed from 'x is blue ’ are false. But this 
difference does not make ^x = jc’ itself true, nor ^ x is blue’ false. 
Matrices are not statements, and only statements are true or false. 

A matrix is not, however, meaningless, any more than an adverb 
or preposition is meaningless. Matrices are fragmentary, but 
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meaningful in that they can serve as ingredients of genuine state- 
ments like ‘W(a: is blue)’ and \x){x=^xy. Since '{x){x is 
blue)’ and ‘(;c)(;c = x)' are translatable as ‘Whatever you may 
select, it is blue’ and ‘Whatever you may select, it = it’, the 
matrices ‘a: is blue’ and ‘a: = a:’ may be regarded as corresponding 
to the expressions ‘it is blue’ and ‘it = it’ — expressions resembling 
statements in form but incapable of standing alone because of their 
dangling pronouns. 

Since matrices differ from statements only in exhibiting variables 
in place of names, matrices are wanted in all forms of which state- 
ments are capable. Quantification and the truth-functional modes 
of composition thus cease to be methods merely of constructing 
statements; they are to be regarded henceforth as methods of con- 
structing statements and matrices indifferently. Furthermore the 
notion of tautology admits of immediate extension to matrices; a 
matrix is tautologous if it has the form of a tautologous statement, 
i.e., if it becomes a tautologous statement when variables are sup- 
planted by names. A tautologous matrix is not, like a tautologous 
statement, true; still the tabular test of tautology can be applied 
directly to the matrix, for the pattern on which the test turns is 
unaffected by the presence of variables. The notions of tautologous 
implication and equivalence, and logical implication and equiv- 
alence, admit similarly of immediate extension to matrices. Be- 
cause of these affinities between statements and matrices, it will be 
convenient henceforth to treat statements and matrices together 
under a single head; they will be called 

In Chapter I no attempt was made to mark out the category 
of expressions known as statements. We now proceed to impose 
bounds on that category; indirectly, however, through imposing 
bounds on the broader category of formula. This category will 
retain a degree of relativity, for the space of the present chapter, 
but is subjected to the following restriction : no formula can occur 
within another except through quantification or truth-functional 
composition. Instead of truth-functional composition, indeed, we 
might cite joint denial alone; for conjunction, denial, and the rest 
may be regarded as unofficial abbreviations after the manner of 
DI-5 (§ 9). 
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Thus we are to think of the totality of formulae as comprising 
some manner of atomic formula — formulae containing no shorter 
formulae as parts — and in addition just the expressions thence 
constructible by continued application of joint denial and quanti- 
fication. In the next chapter, expressions which are to be taken as 
atomic formulae will be specified; but for present developments 
we may leave the class of atomic formulae still undetermined. 
Relative to the atomic formulae, however, the totality of formulae 
is fixed; it comprises the class of atomic formulae, together with 
all results of putting formulae of that class in the blanks 
of ‘ ( i ) ’ or after a quantifier, together with all results of 
putting formulae of the thus increased class in the blanks of 
"( i )" or after a quantifier, and so on. If ii and v are 
among the atomic formulae, and a and jS are variables (fw\ 

‘y’, or ‘ 2 ’ with or without accents), then 

V, Tm i '"(m i v)^ ^((a)M i 

i m)", "(m i mvV, "((a)M i {a)vV. «-((a)ix j (/S)^)", 

i vT. "((<«)(iu i v) i m)", T(«)(m i m i 

etc. are among the formulae. 

So long as the atomic formulae remain unspecified, it is impossible 
to present any specific formulae by way of examples; we can only 
give partially determinate examples with help of Greek letters, 
as above. When specific examples seem wanted, however, we may 
conveniently avail ourselves of random components ‘x = 

*x < S’, *3 < S’, * Socrates is mortal’, etc., under the fiction that 
•these are among our atomic formulae. 

In the requirement that no formula contain another except in a 
context of joint denial or quantification, an extreme restriction 
would seem to be imposed. Actually, however, nothing is thereby 
barred which is needed anywhere in mathematics. For all mathe- 
matical purposes it is sufficient that formulae occur in three ways: 
alone, in joint denial, in quantification. Such other manners of 
occurrence as may turn up in mathematical practice are reducible 
to these by definitional translation. There is reason to believe, in- 
deed, that this is true not only of mathematics but of discourse 
generally; this thesis is a controversial one, however, being an 
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extension of the thesis that all statement composition can be 
limited to truth-functional composition (cf. §§ 1, 5). 

There are at the same time some respects in which the above 
characterization of formulae is more liberal than § 12 would have 
led one to expect. It allows the attachment of any quantifier 
to any formula ju, whereas the explanation in § 12 covers 
only the case where jit is a matrix involving a. Toleration of 
where ix lacks a is actually a matter only of convenience; 
is to be construed in such cases as equivalent simply to /x, 
i.e., the quantifier is to be construed as vacuous. Thus the state- 
ment: 

(x) (Socrates is mortal) 

is explained as equivalent simply to ‘Socrates is mortaT. The 
verbal analogue ‘Whatever you may select, Socrates is mortaF 
(cf. (20), § 12) reflects the vacuousness of the quantifier. 

In allowing attachment of every quantifier to every formula we 
let down the bars also to superimposition of identical quantifiers, 
as here:, 

(1) (x)(xi$ a man • {x){x is a man .D. x is mortal) x is mortal). 

The question then arises: which of the two occurrences of 
^(x)* is supposed to govern the occurrencerof *x' in *x is a man 
•D. X is mortal’? But the usage is unambiguous if we agree that 
occurrences of a variable a overlaid thus by duplicate occurrences 
of ^(a)’’ are to be governed always by the innermost occurrence of 
'"(a)"’. The interior segment: 

(2) (;t) (x is a man .D, x is mortal) 

of (1) is to be read, without regard to its context, in the usual 
fashion ‘all men are mortal’. (1) as a whole thus becomes: 

(:v)(a; is a man . all men are mortal .D. x is mortal), 

or, read entirely in words, ‘Whatever you may select, if it is a man 
and all men are mortal then it is mortal’. The letter ‘x’ in (2) 
could be rewritten as ‘y’ without regard to the outer parts of (1). 
(1) is equivalent to: 

(3) (x) {x is a man . (y) (y is a man y is mortal) .3. x is mortal). 
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It is clearest in practice to choose different letters, as in (3), but 
quantification theory is greatly simplified by tolerating also the 
usage exemplified by (1).^ 

Strictly speaking the examples (l)-(3) are not formulae, but 
abbreviations of formulae; to get the corresponding formulae we 
must expand the abbreviations and O' into terms of ' j ac- 
cording to Dl-5. In practice, however, this distinction can con- 
veniently be slurred over by keeping to the abbreviations and 
imagining meanwhile that, the full primitive notation is written 
out instead. Except in the few cases where the abbreviations 
themselves are the topic of discussion, remarks ostensibly applied 
to abbreviated expressions are to be thought of as really applying 
to the corresponding expressions in unabbreviated notation. Thus 
it is that (1)~(3) and their like are treated as formulae. 

Hereafter *0', and their accented and subscripted 

variants will be used not merely to refer to statements but to refer 
to formulae generally — statements or matrices. This extension is 
to be understood as applying also retroactively; thus the Greek 
letters in Dl-7 (§9), also in the explanation of the dot notation 
(§ 7), and also in the formulation of tautology (§ 10, italicized 
passages), are to be reread as referring to any formulae. Our 
formulation of tautology now comes to characterize tautologous 
statements and tautologous matrices simultaneously; and (1)- 
(48) of § 11 now present forms of tautologous formulae — state- 
ments and matrices indifferently. The formulae described in 
(1)~(48) are tautologous statements when <#>, and x happen to 
be chosen as statements, tautologous matrices otherwise. 

This modification of our Greek-letter usage will be accompanied 
by another: and their accented and subscripted 

variants ill not be used to refer to expressions indiscriminately, 
but will be limited to cases where the expressions referred to are the 
specific one-letter expressions etc. — the 

so-called variables. 


1 The usage in question is proscribed by Hilbert and Ackermann, tacitly avoided 
by Whitehead and Russell, and explicitly admitted by Frege {Grundggsftzey vol. 1, 
pp. 80, 86), von Neumann (“ Beweistheorie,” p. 7), and Carnap (Syntax, p. 88). 
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§ 14 . Bondage, Freedom, Closure 

\ 

THE NOTIONS of bondage, freedom, and closure, which are to be 
explained in this section, are used constantly in subsequent dis- 
/cussion. A given occurrence of a is said to be bound to a given 
occurrence of‘^(a)"’ if it stands in a formula beginning with the given 
occurrence of and stands in no formula beginning with a later 
- occurrence In (1) of § 13, e.g., the first, second, and last 

of the six occurrences of 'x* are bound to the initial occurrence of 
while the third, fourth, and fifth occurrences of 'x' are 
bound to the other occurrence of ‘(x)’. 

It was explained (§ 13) that an occurrence of <x, if overlaid by 
duplicate occurrences of '"(a)"', is to be regarded as governed by the 
innermost of those occurrences and as having only an alphabetical 
accident in common with the other occurrences. It is to this inner- 
most occurrence of that the given occurrence of a is said to 
be bound, under our newly introduced terminology. The occur- 
rence of to which a given occurrence of a is bound is the 
occurrence of which governs the given occurrence of a. 
The terminology * bound to* receives graphic significance if we 
recall the notation of quantificational diagrams (§ 12); that nota- 
tion presents actual bonds, in the form of curved lines, connecting, 
each quantifier-position with such subsequent variable-positions 
as are ** bound thereto” in the above sense. (The little bond which 
always connects an occurrence of '"(a)’’ with the occurrence of a 
inside it is of course not shown.) 

In applying the criterion of bondage italicized above, we must 
think of our binary statement compounds as fitted with the outside 
parentheses which belong to them under strict notation (cf. § 7). 
Otherwise one is tempted to say e.g. that the final occurrence of 
in (1) of § 13 is bound to the second occurrence of ‘ {x) \ on the 
ground that the final occurrence of ‘x* stands in a formula: 

{x){x is a man .D. x is mortal) -D. x is mortal 
which begins with the occurrence of ‘ {x) ' in question. . Actually, 
however, (1) of § 13 becomes: 
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(1) is a man . (x)(x is a man .D. x is mortal)) D. x is mortal) 

on restoration of parentheses; and* obviously its terminal, frag- 
ment: 

{x)(x is a man .3. x is mortal)) D. x is mortal), 

with unmated parentheses, is no formula. Again, one might be 
tempted to say that the last occurrence of ^x^ in: 

(2) {x)(x = y 4- Jf) 3. y ^ AT 

is bound to the occurrence of '(x)\ on the ground that (2) is a 
formula beginning with the given occurrence of ‘(x)*; actually, 
however, (2) becomes: 

(3) ((Af)<A? = y 4- a:) 3. y ^ a:) 

on restoration of parentheses, and (3) does not begin with '(x)\ 

Discernment of bondage relations does not in practice require 
that we restore absent parentheses, so long as we keep in mind the 
intended cleavages of our formulae. We must keep in mind, e.g., 
that (2) is not formed by applying *(x)* to: 

(a; * y 4- a:) 3. y ^ Af. 

An occurrence of ^ in will be said to be bound in 4> with respect 
to OL if within that occurrence of ^ there is an occurrence of a 
which is bound to an occurrence of lying in <p but outside 
In (2), e.g., the occurrence of ‘x « y + a:' is bound with respect to 
*x*'j for the occurrences of in ‘a: = y + a:’ are bound to an 
occurrence of ^{x)' in (2) which is outside ‘ac = y + x\ In (1), 
each occurrence of ^x is a man’ and 'at is mortal’ is bound with 
respect to ^x\ 

An occurrence of ^ will be said simply to be bound in p if it is 
bound in 4> with respect to at least one variable. Thus the occur- 
rence of ^Af = y 4- At’ is bound in (2),' whereas the occurrence of 
*y ^ Ac’ is not. In terms of quantificational diagrams, bondage of 
\l/in<t> has this significance : there is at least one bond reaching into 
^ from somewhere in p anterior to 

Obviously an occurrence of ^ may be bound in a broad context 
fb and yet not bound in a narrower context for, the bondage of 
^ in may depend on occurrences of ’’(a)"’, '~(i3)“', etc, which, though 
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within <t>, are outside <l>\ Diagrammatically: the bonds reaching 
into ^ from anterior parts of <t> may begin anterior also to </>'. The 
first occurrence of ‘x is a man^ e.g., is bound in the broad context 
(1) but not in the narrower context: 

(4) X IS 2 L man . {x){x is a man -3- x is mortal). 

The terminology ‘ bound in ’ will be applied not only to an occur- 
rence of a formula as above, but also to an occurrence of a vari- 
able — in the following sense: an occurrence of a jvill be said to be 
bound in <l> if it is bound to an occurrence of '"(a)"’ in 0. Thus the 
first three occurrences of ‘x’ are bound in (2); the fourth is not. 
An occurrence of a which is bound in a broad context cj) need not be 
bound in a narrower context <!>', since the occurrence of to 
which the given occurrence of a is bound may lie inside <^> but out- 
side <t>'i the second and third occurrences of *x^ in (2), e.g., are 
bound in (2) and in '(x)(x ==» y + x)* but not in *x - y + x\ 

The terminology ^ bound in’ will be applied not only to an oc- 
currence of a formula or variable, as described, but also to the 
formula or variable itself: a formula or variable will be said to be 
hound in 0 if an occurrence of it is bound in 0. Thus *x = y -h x* 
is hound in (2); so also is *x\ Variables bound in 0 will be spoken 
of also as bound variables of 0. 

An occurrence of a formula or variable in 0 is said to be free in 
0 if it is not bound in 0; and a formula or variable is said to be free 
in 0 if an occurrence of it is free in 0. Thus ^y ^ x* is free in (2); 
so also are ‘x* and 'y\ Variables free in 0 will be spoken of also as 
free variables of 0. 

To describe one and the same occurrence of as both'‘bound and 
free in 0 would be, of course, a flat contradiction. On the other 
hand n itself may be both bound and free in 0; i.e., it may have 
both a bound and a free occurrence in 0. E.g., *x is a man’ is 
bound and free in (4). So is ‘x\ 

It is obvious from the foregoing formulations that the following 
hold in general, (i) An occurrence of 0 is bound in 0 with respect 
to a if and only if it contains an occurrence of a which is bound in 
0 and free in 0. (ii) An occurrence of a in 0 is bound to the initial 
occurrence of in if and only if it is free in 0; 
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The terminology which we have been developing enables us, 
among other things, to render explicit the distinction between 
statements and matrices. The distinction does not turn merely 
on the absence or presence of variables, for ‘(x)(x is blue)' and 
‘ ix){x = x)^ are statements despite their variables; it turns rather 
on the fact that in a statement every occurrence of a variable is 
governed by a quantifier, while a matrix contains occurrences 
which are not thus governed. Thus, given the totality of formulcPy 
we may describe matrices and statements respectively as those 
formulae which have free variables and those which have not. 

Every matrix can be turned into a statement, true or false, 
simply by prefixing quantifiers corresponding to all the free 
variables. The matrix 'x < y y > x\ e.g., is turned in this 
way into the true statement: 

(5) W(y)(^ < y -“-y >x); 

and the matrix ‘x < y* into the falsehood '(A:)(y)(;c < y)'. Such 
successive quantifiers apply, of course, one at a time to the matrix 
which immediately follows. Thus ^(x){y)(x < y)' is the result of 
applying the quantifier ‘(x)' to the matrix ^(y)(x < y)\ which is 
in turn the result of applying ^(y)’ to ‘(x < y)'; and similarly for 
(5). The strict reading of (5) is: ‘No matter what x may be, it 
will be the case, no matter what y may be, that x < y if and only 
if y > X.' It is more natural, however, to read such successive 
quantifiers together: ‘No matter what x and y may be, < y if 
and only if y > x. ' The order of the successive quantifiers is ob- 
viously immaterial; (5) could have been rendered equivalently 
as: 

(6) (y)W(^ < y . = . y > x), 

(5) and (6) are logically equivalent statements; so are ^(x)(y) 
(x < yY and ‘(y)(x)(x < y)'. 

If <l) has n free variables, there are nl statements which can be 
formed by prefixing distinct quantifiers in one or another order 
corresponding to all the free variables; though all n! statements 
are, as just remarked, equivalent. An arbitrary one of these state- 
ments will be referred to as the closure of (^; the one, say, in which 
the added quantifiers are arranged in alphabetic order. Thus, 
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where ai, 0 : 2 , . . . , an ^ 0) are in alphabetic order all the free 
variables of <l>, the closure of <!> is ^(ai)(a 2 ). . The alpha'- 

hetic order of variables may for this and subsequent purposes be 
fixed arbitrarily thus : 

w X y z w' x' y* ... 

Thus (5), but not (6), is the closure of < y -s.y > x\ Again, 
since ‘x\ and are in alphabetic order all the free variables 
of: 

(y) (zu loves y -!)- x hates z), 
the closure of this matrix is the falsehood : 

(7) M{x)(z)(y)(w loves y .3. x hates z). 

At the same time (7) is the closure of: 

(z) (y)( 2 £; loves y -3- x hates z) 

and of: W( 2 )(y)(w loves y .3. x hates z). 

Also it is the closure of itself; every statement is its own closure. 
On the other hand (7) is not the closure of ; 

w loves y .3. x hates z; 
the closure of this is rather: 

loves y .3. X hates z), 

which is equivalent to (7) but patently a different statement, a 
different expression. 

Peano's nomenclature for bound and free variables, carried over by Whitehead 
and Russell, was ‘apparent’ and ‘real*. The term ‘free* was applied to variables 
by Hilbert (1922); but the full terminology of bondage and freedom elaborated 
above is, with the exception of ‘bound with respect to’, substantially von Neu- 
mann’s (“Beweistheorie”, p. 9). The notion of closure is an adaptation from 
Carnap (SyntaXt p. 94). 


§ IS. Axioms of Quantification 


OUT OF THE totality of logically true statements, one special 
kind — the tautologous — has thus far been considered. State- 
ments of this kind are true by virtue solely of their structure in 
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terms of truth-functional composition; i.e., in terms of joint 
denial. Now the advent of quantification opens up a wider class of 
logical truths : statements which are true by virtue of their struc- 
ture in terms of joint denial and quantification. 

One such statement, and a particularly trivial one, is: 

{x){x is red .3. is red), 

which is the closure of a tautologous matrix 'x is red -D- a; is red*. 
The quantifier is essential to the truth of this statement, for with- 
out it we have only a matrix, neither true nor false. Tautologous 
formulae are not always true, for they are not always statements; 
their closures are statements, however, and true. Here we have a 
new set of logical truths, more inclusive than the tautologous state- 
ments; namely, the closures of tautologous formulae. Let us call 
this set A. It includes the tautologous statements, since a tautol- 
ogous statement is a tautologous formula which is its own closure. 

There are also further varieties of statements which are true by 
virtue of their structure in terms of joint denial and quantification. 
One simple variety is exemplified by the statement: 

(A;)(y)(x fears y -D. x avoids y) 3 {y){x){x fears y .3. x avoids y), 

for it has been remarked (§ 14) that consecutive quantifiers 
f(a)03)“' are permutable. We cannot indeed say that '■(a)(iS) <!> 3 
is true for all choices of a, and /3, since some choices 
make 3 (jS) («)<#>"• a matrix rather than a statement. This 

happens whenever has a free variable other than a and An 
example is: 

(1) < z -3 ^ (at > y)) 3 (y)(x)(x < z .3 ^ (a; > y)), 

which, because of its free variable 'z', is not a statement and hence 
not true (nor false). What (1) says is, however, true of any number 
(or indeed any entity) we might choose to mention in the position 
of 'z’. The closure; 

(z)((A;)(y)(Ai? < z .3 (a? > y)) 3 (y){x)(x < z .3 ^ (a: > y))) 

of (1) is true. In general, if we cannot say that ^(a)(P)<t> 3 03) (a) 
is true, at least we can say that its closure is true. (If ^(a) 
(P)<l> 3 (/3)(a)<A“i happens to be a statement, it is of course its own 
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closure.) Here, then, is a set of logical truths supplementary to the 
set A: the closures of formulae ^{a)(P)<t> ) (fi)(a)(lP. Let us call 
this set B. 

Next consider the statement: 

(a;)(^ is colored .3. x is extended) 3. 

(x)(x is colored) 3 (x)(x is extended); 

in words, ‘If everything colored is extended then if everything is 
colored everything is extended.' Any statement of this sort — any 
statement of the form 

(2) ^(a) {<t> 3 yf) 3. («)<#> 3 (a)^’’ 

— will of course be true. If <t>OTi/ has a free variable other than a, 
the whole will be a matrix rather than a statement; but still its 
closure will be true. The closures of formulae of the form indicated 
in (2) thus constitute a third set of logical truths, which we may 
call C. 

Logical truths of a trivial kind, exemplified by: 

Socrates is mortal .3 (^) (Socrates is mortal), 

issue from our decision (§ 13) to construe ^(a)<lP as equivalent to <l> 
in cases where <t> lacks a. In general, where <t> lacks a, the closure of 
'^<t> 3 {a)<tP (and, indeed, of s (odcp) will be true. Furthermore, 
the requirement that <!> “lack" a need not be taken to forbid 
occurrences of a within a shorter quantification ^{a)\IP inside 
for such occurrences are bound to that inner occurrence of ‘‘(a)’*, 
and are irrelevant to the initial '"(a)*’ of^{a)<lP (cf. §§ 13, 14). The 
only occurrences of a in which are' bound to the initial ^(a)"' 
of^{a)<lP are the occurrences which are free in <l> (cf. (ii), § 14); 
and it is only such occurrences that need be forbidden in order that 
^{a)<tP be a case of vacuous quantification, equivalent to <^. Here, 
then, is a fourth set of logical truths: closures of formulae '“<^) 3 
(a)4P such that a is not free in <j>. Let us call this set D. 

Now consider the statements: 

(3) (:v)(x is a man .3. x is mortal) 3: 

Socrates is a man -3. Socrates is mortal, 

(4) (a;) (God created x) 3. Gcd created Socrates, 

(5) (a:) (God created x) 3. God created God; 
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in words, ‘ If all men are mortal then if Socrates is a man Socrates is 
mortar; ‘If God created everything then God created Socrates’; 

‘ If God created everything then God created himself.’ Each of 
these statements is a conditional of the form where 0' 

affirms of some specific object (Socrates, God) what ^(<x)<tP 
affirms of all objects. In each case <l>' is like <t> except for containing 
some name f (‘Socrates’, ‘God’) where contains a. More 
accurately, in general, <l>' is like 4> except for containing f wherever 
<j> contains free occurrences of a; for it is only the free occurrences 
of a in that are relevant to the initial '"(a)*^ of Any 

conditional statement of this kind will of course be true, since 
whatever can be affirmed of everything (as in can be 

affirmed of any particular object we choose to name (as in 

Furthermore, the references to Socrates are obviously inessential 
to the truth of (3) and (4); corresponding conditionals are true of 
all men, indeed all entities, not just Socrates. Hence the general 
statement which is formed from (4) or from (3) by putting a 
variable for ‘Socrates’, and quantifying the whole, is likewise true: 

(6) (y)((^)(God created x) 3. God created y), 

(7) (y){{x) (x is a man .3. x is mortal)'3: y is a man .3. y is mortal). 

Similarly the references to God are inessential to the truth of (5) 
and (6) ; the general statements formed from (5) and (6) by putting 
a variable for ‘God’, and quantifying the wholes, are likewise 
true: 

(8) (w)((a?)(«; created x) 3. w created w)^ 

(9) created x) 3- w created y). 

Whereas (3)~(5) are statements 3 <^>'"' such that <t> is like 
<t> except for containing a name f wherever 4> contains free occur- 
rences of a, on the other hand (6)-(9) are closures of formulae 
^(o:)0 3 such that is like <i> except for containing a variable a' 
wherever <t> contains free occurrences of a. Let this latter set of 
statements, exemplified by (6)~(9), be called E'. (E will come 
later.) This set does not include (3)-(S). Indeed, the set exempli- 
fied by (3)-(5) is not satisfactorily specifiable at the present stage; 
for its specification depends on the notion of name, and nothing has 
been said thus far to indicate what sorts of expressions are to be 
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classed as names. But the set exemplified by (3)-(5) can be 
passed over; we shall find later (§ 27) that names are eliminable — 
that statements involving names are translatable in a way which 
avoids recognition of any ultimate name-category.' 

Along with (6)-(9), the set E' as described includes the state- 
ment: 

(10) (^)'^(y)(y = ^) 3 ^(y)(y = y); 

for, (10) is the closure of '“(a)<^> 3 where a is <l> is (y) 
(y == x) \ and is like <t> except for containing wherever <l> con- 
tains free occurrences of ^x\ But this reveals a defect in the 
formulation of E', for (10) is in fact false. The antecedent of the 
conditional (10) says that, whatever entity may be selected, not 
every entity will be identical with it. This much is true; if e.g. 
the number 5 is selected then the number 1 is not identical with it, 
while if any other entity is selected then the number 5 is not identi- 
cal with it. The consequent of the conditional (10), on the other 
hand, is obviously false; it. denies that everything is self-identical. 
Thus (10) as a whole, having a true antecedent and false conse- 
quent, is false. 

The formulae whose closures were intended to belong to E' were, 
roughly speaking, of the sort: 

(*)(. . .X. . .) 3 y... 

where the consequent *. . .y. . / imposes upon y the condition 
which \ . .X. . imposes upon x. Any such closure will indeed 
be true. But (10) is of a different sort; whereas its antecedent 
says; 

(x) ^ (everything is identical with x), 
its consequent does not say correspondingly: 

^ (everything is identical with y), 

but rather: 

(everything is self-identical). 

1 Names and other terms will subsequently make their formal appearance 
through certain conventions of notational abbreviation (§§24, 26, 27); and a 
principle covering the logical truths exemplified in (3)-“(5) will then be derived 
(*231, §31). 
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The source of this deviation on the part of (10) is apparent: when 
the free occurrence of a (i.e. in 0 (i.e. (y)( 3 ; = x)*) is 

supplanted by <x (i.e. ‘y’ ), the resulting occurrence of a! comes 
inadvertently to be appropriated to the purposes of a quantifier 
which was lurking inside Our characterization of E' can 
be adjusted, therefore, by stipulating that the occurrences of a! in 
to which the .free occurrences of a in <#> give way, remain like- 
wise free. The revised set, which may be called E, comprises the 
closures of formulae '"(q:)<^ D 0'“^ such that <t>' is like <j> except for 
containing free occurrences of a! wherever 4> contains free occur- 
rences of a. 

Statements of the five kinds A, B, C, D, and E will play a basic 
role in subsequent developments, and a general term is needed for 
referring to them. For lack of a better term, they will be called 
axioms of quantification. Thus the. axioms of quantification com- 
prise the closures of all t autologous formulae; also the closures of 
all formulae of the forms 


'-{a) (P)<t> D 0) {a)<IP, "(a) (<^ D D. (a)<^ D 

also the closures of all formulae '~<l> D {a)<jP such that a is not free 
in <l>; also the closures of all formulae ^{a)<t>D such that is 
like <l> except for containing free occurrences of a' wherever <f> con- 
tains free occurrences of a. 


§ 16. Theorems 

IT IS APPARENT, equally from the ordinary usage of ‘if-then" 
and from the truth table of O’, that ^ will be true if ^<l> 3 and <f> 
are true. The form of inference which carries us thus from prem- 
isses ^<l> D and to the conclusion ^ is known traditionally as 
the modus ponens; hence let us speak of yp as the ponential of 
^4> D yP and p. In general, let us call yp a ponential of pi, pi, pz, . 
if one of pi, <#> 2 , is a conditional having another of pi, p^, p^, 

... as antecedent and p as consequent. Ponentials of true state- 
ments are true; and, in particular, ponentials of logically true 
statements are logically true. 
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Though the axioms of quantification comprise infinitely many 
logical truths, they leave further infinities of logical truths un- 
touched. A broader class of logical truths is obtainable by throw- 
ing in the ponentials of the axioms of quantification; a still 
broader one is obtainable by throwing in the ponentials of the thus 
supplemented class; and so on. 

The axioms of quantification, together with the ponentials of 
those axioms, together with the ponentials of this further, totality, 
and so on, will be referred to collectively as theorems. To say that 4> 
is a theorem is to say that there is a sequence of statements 
. . . , each of which is either an axiom of quantification or a 
ponential of earlier statements of the sequence. The theorems can 
be characterized recursively as follows: (i) axioms of quantification 
are theorems, and (ii) if D and <^> are theorems then so is 

The following three statements, e.g., are theorems: 

(1) (y)((A;)(y affects x) 3- y affects y), 

(2) (y)(W(y affects x) 3. y affects y) 3. 

(y) W(y affects x) 3 (y)(y affects y), 

(3) (y)(x)(y affects x) 3 (y)(y affects y). 

(1) and (2) are axioms of quantification, of the respective kinds E 
and C (cf. § 15). (3) is not an axiom of quantification, but it is a 
theorem because it is the ponential of the theorems (1) and (2). 
The sequence (1), (2), (3) is of the kind ^i, ^ 2 ) * • • > <l> de- 

scribed above. 

The tautologous statements form one class of logical truths; the 
axioms of quantification form a broader class; and the theorems 
form a still broader class. This third class differs from the pre- 
ceding two in this important respect: we have no general pro- 
cedure whereby we can test whether a given statement belongs to 
the class or not. With respect to tautologous statements, such a 
test is provided by the truth table; given any statement, framed 

1 Any general notion which is resoluble into an infinite sequence of special cases 
is said to be recursively characterized when we have explained the first case and 
added a general rule describing the (i + l)st case, for each i, in terms of the first i 
cases. Here the axioms of quantification constitute the first case, and the ponen- 
tials of theorems falling under the first i cases constitute the (i + l)st case. 
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in our logical notation, we can appraise it systematically by the 
tabular method and discover whether or not it is tautologous,^ 
With respect to the broader class of quantificational axioms, 
such a test is again forthcoming. Given a statement, we may first 
determine whether it is an axiom of quantification of the kind A; 
this is accomplished by dropping off any initial quantifiers, to get 
the net formula 0 whereof the original statement was the closure, 
and then testing for tautology by table. If this investigation 
yields a negative answer, we next determine whether the state- 
ment is of the kind B; i.e., we observe whether is a conditional 
whose antecedent and consequent are alike except for a switching 
of first quantifiers. In case of a negative answer here, we next 
check the statement in similar fashion against the type C; then 
against D; and finally against E. 

But with respect to the class of theorems we have no such com- 
plete test. A statement <t> may be a theorem without our being able 
to discover the fact; there may be a sequence ^i, > 4'n, <t> of 

the required kind without our being lucky enough to find it. 
Failure to discover such a sequence is no evidence that 0 is' not a 
theorem, though the chance discovery of such a sequence does show 
that is a theorem. 

With respect to the class of theorems we do have a partial test, 
but only a partial one; namely, given any sequence ^i, , 

we can decide whether it is of the kind which makes 0 a 
theorem. We can check each statement of the sequence, from ^3 
onward, against each pair of its predecessors to see if it is a ponen- 
tial thereof; then, reserving the ponentials, we can check each of 
the remaining statements to see whether it is an axiom of quantifi- 
cation. This reflects the characteristic mathematical situation; 
the mathematician hits upon his proof by unregimented insight 
and good fortune, but afterwards other mathematicians can check 
his proof.^ 


^ For this purpose it is ordinarily essential that the statement be given explicitly 
and in full, of course, rather than merely described by quasi-quotation. Forms 
exhibited in quasi-quotation are often capable of being shared by statements which 
are tautologous and statements which are not; cf. § 10. 

2 Cf. Introduction; also §§ 55, 60. 
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Let us write to mean that the closure of <;> is a theorem.^ 
Then the characterization of theorem embodied in (i) and (ii) 
above takes on the following form, once the notion of axiom of 
quantification is analyzed out. 

*100. If <t> is tautologous^ h 

* 101 . 

*102. yp) 3. {a)<l> 3 

*103. If a is not free in j- 3 {,d)<tP. 

*104. If <l>' is like <t> except for containing free occurrences of a' 
wherever <p contains free occurrences of a, then h ^(q:)0 3 
*106. If 3 1 /'“' and 4> are theorems^ so is yp. 

The principles *100-*105 are to be understood, of course, as apply- 
ing' to all choices of <i>^ yp, a, jS, a'. The three-digit numerals and 
asterisks belong to a scheme of cross-reference which will become 
clear in the sequel.^ 

Note that *105 cannot be abbreviated to read: 

(4) If 3 yp’^ and |- (p then f \p; 

this means something more complicated than *105, namely that if 
the closures of ^cj> 3 yp'' and <j> are theorems then so is that of yp. It 
will be found later (*111, § 17) that (4) does in fact also hold; it 
will be found that whenever and <l> are formulae whose 

closures are theorems according to *100-*105, the closure of ip is 
also a theorem according to *100-*105. But this result is no mere 
translation of *105. 


Frege was perhaps the first to distinguish clearly between axioms and the rules 
of inference whereby theorems are generated from the axioms. Once this distinction 
is drawn, a recursive characterization of the class of theorems is virtually at hand. 
But the highly explicit way of presenting formal deductive systems which is custom- 
ary nowadays dates back only to Hilbert (1922) or Post (1921). Under this plan 
a class of expressions to be known as formuhe is specified by reference to purely 

^ The sign was borrowed from Frege by Whitehead and Russell. The sense 
which they attached to it is somewhat obscure, but comes near enough to this sense 
to justify my retention of the notation. 

^ A special sense will subsequently (§ 17) be attached to suppression of the 
asterisk; also an important distinction will be recorded by using daggers sometimes 
instead of asterisks (§ 25). Concerning the choice of numerals, see footnotes to 
§17. 
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notational features — ordinarily through a recursive characterization (cf. §§ 13, 
23); then a subclass of formulae to be known as theorems is singled out by another 
recursive characterization, referring again to none but notational features. The 
so-called axioms, i.e. those initial theorems which are introduced by the first of the 
two clauses in a recursive characterization of theorem, used to be taken as finite in 
number and hence presented by list; the practice of describing an infinity of axioms 
dates only from von Neumann (1927). It is this innovation that has enabled us to 
dispense with all rules of inference but mo^fus ponens. 

The axioms of quantification of kind B could be dropped, and therewith *101, 
by making a trivial change in the definition of closure. The change is this : instead 
of stipulating that the quantifiers added to form a closure be arranged in alpha- 
betical order, we should stipulate that they be applied one by one in alphabetical 
order (and hence arranged in anti-alphabetical order). It turns out that the 
statements of kind B, dropped as axioms, would then still be forthcoming as 
theorems. This discovery was made by G. D. W. Berry shortly after the first 
appearance of this book; see Journal of Symbolic Logic, vol. 6 (1941), pp. 23-27. 

The principles of quantification embodied in *101-*104 and in the so-called 
metatheorems which run through the rest of the present chapter were in large part 
recorded by one or another of Frege, Peirce, and Schroder, and comprehensively 
systematized by Whitehead and Russell (*9~*11). 


§ 17 . Metatheorems 

STUDY of *100--*10S reveals an endless variety of general condi- 
tions under which statements will be theorems. By recording 
conditions of this kind once and for all, we avoid the labor of 
writing out specific sequences of quantificational axioms and ponen- 
tials to establish individual theorems falling under those conditions. 
We establish theorems wholesale, by arguments which show that 
the appropriate sequences could be found for each particular case. 
Such principles, describing general circumstances under which 
statements are theorems, will be called metatheorems, ■*100“*105 
themselves are our initial hietatheorems. 

So long as the atomic formulae remain unspecified, indeed, it is 
impossible to cite any specific formulae (cf. § 13) and hence im- 
possible to cite any specific theorems. Apart from fictitious 
examples in which makeshift atomic formulae are borrowed from 
ordinary language (e.g. (3) of § 16), we can only cite the general 
forms of theorems — using Greek letters as in *100-*105. At a 
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later stage (§§ 25 flF.), after the specification of atomic formula, 
individual theorems will be forthcoming. 

The following metatheorem is merely a special case of *104. 

*110,1 yr Proof: *104 (taking a' as a). 

A less trivial metatheorem, anticipated in earlier discussion 
(§ 16), is this; 

*111. // h '"0 3 iP and h 0 then f- 

Proof, Let a number n be cMed favorable if *111 holds for all 
conditionals D \/P having n or fewer free variables. What we 
want to show is that every number is favorable. Suppose that k 
is favorable, and consider any conditional '“0 3 which has just 
^ + 1 free variables and is such further that 

( 1 ) 

h 0* (2) 

Where a is alphabetically the last of those free variables, thfe 
closure of is also the closure of ^ia)(<l>0 ypT (cf. § 14); 

hence, by (1), 

( 3 ) 

Since the conditional '"(o:)(</) 3 3. (a)<#> 3 has just k free 

variables, and k is favorable, we see from *102 and (3) that 

h '"(«)<#> 3 (a)^\ (4) 

Now if a is free in <^, it is alphabetically the last free variable of 0; 
and in this case the closure of <t> is also the closure of so that 

(5) 

by (2). If on the other hand a is not free in <^>, the conditional 
^<b 3 {a)<tP has at most k free variables; and in this case, since k is 
favorable, (5) is forthcoming in view of *103 and (2). In either 
case, thus, (5) holds. But the conditional 3 has just 
k free variables; by (4) and (5), then, since k is favorable, 

^ The numeration of metatheorems will not be altogether consecutive. Com- 
monly, as in the present case, the numeral of the first metatheorem of a section 
will open a fresh decade. Numerals having ‘0’ in the decade position are reserved 
to the initial metatheorems *100~*105 of quantification and the initial meta- 
theorems *200-*202 of membership (§29). 
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h (6) 

Moreover, by *110, D \P. (7) 

Now if a is free in it is alphabetically the last free variable of j//; 
and in this case the closure of rp is also the closure of so that 

(8) 

by (6) alone. If on the other hand a is not free in p, ^(a)p 3 ip 
has at most k free variables; and in this case, since k is favorable, 
(8) is forthcoming in view of (7) and (6). We thus conclude that 
+ 1 is a favorable number — having assumed that k was. But 0 
is favorable, by *105; hence, taking ^ as 0 in the foregoing argu- 
ment, we conclude that 1 is favorable; hence, taking k as 1, we 
conclude that 2 is favorable; and so on. *111 thus holds regardless 
of the number of free variables. 

The foregoing metatheorem is used abundantly in the sequel, and 
so is the following one. 

*112. 7/ h then h 

Proof, Case 1: a: is not free in <^. By *103, hypothesis, and 

* 111 , 

Case 2: a is free in <^. Let ai, . . . , an ^ 0) be, in alphabetical 
order, the free variables of <t> which are alphabetically later than a. 
Then the closure of <l> is the closure* of ‘"(a) (ai). . .{an)^. Hence, by 
hypothesis, 

l-'"(Q:)(ai). . .(an)</>L (1) 

If n is 0, this is what was to be proved. Otherwise, by *101, 

h '’(a)(ai). . .(an)0 3 M{oi\{oc 2 )> . XoLn)<tP- (2) 

By (2), (1), and *111, 

h ''(ai)(a)(a2). . Xoin)<lP- (3) 

But ai is alphabetically the last free variable of ‘'(a)(a 2 )... 
(an)<^>''. Hence the closure of '■(a)(a 2 ). . •{oin)P is the closure of 
'■(ai)(a)(a 2 ). . Hence, by (3), 

h^(Q:)(a2). . .(Q!n)0L (4) 

If n is 1, this is what was to be prove^d. Otherwise the reasoning 
which led from (1) to (4) leads from (4) to: 
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|-'“(a:)(Q:3). . -Mtp- 
In general, n such steps show that h ^(a)<tP. 

In future proofs, use will be made of a condensed notation. 
Steps (2) and (3) of the above proof would be combined, in this 
condensed notation, as follows: 

*101 hTl ^](«l)(«)(«2). . .(O!n)0^ (2) 

If for the moment we disregard the square brackets and *]’, 
this condensed line of symbols corresponds to the line marked ‘(2)’ 
in the original proof; for the numeral '1’ stands as an abbrevia- 
tion for the whole expression ' (oc)(ai). , .(an)<t>* which appeared 
within corners in (1). The entry ^*101', at the left, justifies this 
step of the proof. The square brackets, next, indicate use of *111: 
passage from (2) to (3) of the original proof. The entry ‘ (2) * at 
the right of our condensed line, finally, labels this condensed line 
with bracketed matter deleted; in effect, thus, ‘(2)’ here labels the 
line which was marked ‘ (3) ’ in the original proof. 

The conventions involved may be summed up as follows. 
Square brackets indicate deletion, on the basis of *111, of an ante- 
cedent whose closure has been shown to be a theorem. A reference 
at the left of a line justifies the line inclusive of any bracketed 
matter. A parenthesized numeral at the right of a line L labels 
L exclusive of any bracketed matter. Divorced of its parentheses, 
this numeral serves in the sequel as an abbreviation of the whole 
expression (exclusive of any bracketed matter) which appeared 
within corners in L. 

Sometimes, as in the line: 

hTl3:2D.]<#>i3<fc" 

which appears in the proof of the next metatheorem, square 
brackets indicate repeated use of *111. This line is merely a con- 
densation of two lines: 

[-11D:]2 3.0iD<;)3^, (2') 

(2') ‘"[2 3 J <l>i 3 

*113. If f- ^<^> 1 5 h ^02 3 03 "*, . . . , and [- 3 <l>rP then h 3 

Proof i hp 1 |- ^<l>i 3 4)P. (1) 

hp 2 (2) 
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*100 


(3) 

hp 3 


(4) 

*100 

1- 'X3 D: 4 3.3 <l>i 3 and so on. 


The notation ‘hp 1’ refers to the first of the hypothese.s in the 
metatheorem which is being proved; ^hp2^ refers to the second 
hypothesis, and so on. 

The citation of *100 calls upon the reader to observe that the 
formula depicted is tautologous, and hence that- its closure is a 
theorem. The reader can always verify the claim of tautology, by 
truth table if not by inspection. In order that brief inspection 
may ordinarily suffice, the use of *100 will be limited to fairly 
simple forms of tautology: forms which, like (l)-(48) of § 11, are 
capable of depiction by means of not more than three distinct 
Greek letters and not more than seven Greek-letter occurrences. 

Use of *113 will ordinarily be tacit, through the medium of a 
notation of stacked conditionals. If metatheorems *Wi, *7712, . . . , 
*mn-i show respectively that ^<l>i 3 H ^<^>2 3 <^>3"’, . . . , and 
h 3 and we want then to draw the conclusion (k) that 
h ^<j>i 3 <t>rPy we depict the whole argument as follows: 


'mi 


'W2 

3 03^ 

'nin.i 

3 0.-^. 


In the fourth line of the proof of *117 below, thus, the entry " (2) ’ at 
the left is intended to show that h‘’(an)<^3 (an)^"*; whereas what 
is labelled by the ‘(3)’ at the right of that line is rather 
(an) Similarly, in the third line of the proof of *115 below, the 
entry '*102' is intended to show that 

f- >“( 0 :) (<l> 3 3. (a)<l> 3(a)^'’; 

whereas what is labelled by the ‘(2)' at the right of that line is 
rather: 

3. (a)<^> 3(a)V'‘’ 

(bracketed matter being excluded as usual). 
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A similar procedure of stacking biconditionals is justified by the 
following metatheorem. 

*114. h '"02 = 03'’» ■ • • > I" [“ 

Proof similar to that of *113. 

Five more metatheorems conclude the section. 

*116. ^ ^ (a)r. 

Proof, 

*100 (1) 
*102 h T (^) 1 ^-] («) (0 ^ 5 («) (<^> 5 

*102 D. 3 (2) 

Similarly h ^ V') ^ (3) 

*100 tr '“[2 D:. 3 D:] (o:)(<#) = 3- (o^)<^> 3 (a)^ . (a)^ 3 

q.e.d. (cf. D5). 

Attachment of a quantifier to a numeral within square brackets 
indicates that the application of *111 connoted by the brackets is 
to be preceded by use of *112. Thus the second line of the above 
proof embodies the following steps: 

(i),*ii2 h'Wr. (10 

*102 K^l' 3.] (a)(<^ ^ 3 (a)(^ 3 

An expression following a citation of *100 may exhibit Greek 
letters in excess of the prescribed limit of three distinct letters and 
seven occurrences, so long as the whole exemplifies some general 
tautologous form which falls within the limit. At the end of the 
above proof, *100 is cited to introduce an expression which (when 
the abbreviations ‘2' and ‘3’ are supplanted) contains fourteen 
occurrences of Greek letters; the whole is an instance, however, of 
the simple tautologous form 

■■xi 5 X2 pfi 3 X3 -3: xi X2 ■ xs"' 

(a variant of (42), § 11). 

*116. H'-(aO(«2)...(«„)<^D«^. 

Proof. Case 1: w = 0. *100. 
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Case 2: n > 0. *110 . Xo^n)<t> 3 ( 0 : 2 )^. 

*110 3 (03). . 


*110 

*117. 7/ f- 3 and none of ai, ... y an is free in 0, then 
h ^</) 3 (^ 1 ). . ‘(oJn)^’’. 

Pfoo/. hp 1 h 3 (1) 

*102 KC(an)l3.](an)<^3(a„)V^^ (2) 

*103 (& hp 2) h 3 

(2) 3 (an)r^ (3) 

The argument leading from (1) to (3) leads in turn from (3) to: 

h ''<#> 3 (a„-i)(0!n)^"', 

thence to: h '’<#> 3 (an‘^ 2 ){ccn-i)ioin)i^'^i and so on. 

Just as T*, ‘ 2*5 etc. are used as abbreviations of the expressions 

appearing within corners in the lines (1), (2), etc. of a given proof, 
so T03^ ‘110*, etc. will be used as abbreviations of the expressions 
appearing within corners in the metatheorems *103, *110, etc.^ 
Thus T03*, ‘110’, and T18’, used in the next proof, are short for 
‘<#> 3 (o:)<^)^ ‘ ioi)(l> 3 <l>\ and ‘<^) ^ 

*118. If a is not free in <t>, ^ {od<t>^- 

Proof *100 h T103 3. 1 10 3] 118^ 

*119. K(a)(^)0 ^ 

Proof *101 (1) 

*100 ff-cion. 13]119\ 

^ This convention was suggested by my student Miss Leigh D.. Steinhardt. 
It would not work if the numeration of metatheorems had begun w^ith ‘*1* rather 
than ‘*100% since *1, *2, etc. would cease to be distinguished from (1), (2), etc. 
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§ 18 . Substitutivity of the Bico^iditional 

IN § 13 a restriction was imposed according to which one formula 
can occur in another only in a context of quantification or truth- 
functional composition. This restriction gives rise, it will be 
found, to the following convenient siibstitutiznty principle: if p 
and 0' are statements agreeing in truth value, then 0' can be sub- 
stituted for any occurrences of 0 in any statement 0 without 
affecting the truth value of 0. In other words, if the statements 
0 and 0' are alike except that 0' contains the statement 0' in 
places where 0 contains the statement 0, then 0 and 0' are alike 
in truth value if 0 and 0' are. In other words, (I) any statement 
of the form ^0 s 0'. D . 0 = 0'"' is true^ where 0' is like 0 except 
for contaming 0' in places where 0 contains 0. E.g., the conditional: 

(1) Smith met Jones .s. Jones was in Omaha O. 

(.r) (Smith met Jones .v ~ (Smith sold .v to Jones)) s 
(x) (Jones was in Omaha .V (Smith sold .v to Jones)) 

is true. 

Moreover, any such conditional is true independently of the’ 
particular names which happen to occur in it; replacement of 
names by free variables leaves a matrix which is (roughly speaking) 
true for all values of the variables a matrix w'hose closure is 
true. E.g., the matrix: 

(2) y met z .s, % was in w O. 

(;v)(y met z .v ^ (y sold x to z)) ^ 

{x){z was in tv ;v ^ (y sold x to z)) 

has a true closure : 

(3) {w) (y)(zi) (y met z . s. z was in w 

{x){y met z -v (y sold x to z)) s 

(x)(z was in w .v (y sold .v to z))). 
This does not, however, entitle us to generalize (I) in the following 
fash'on: (II) the closure of ^0 s 0' . D , 0 = 0'"* is true zvhere 
0' is like 0 except for containing 0' fn places zvhere 0 contains 0. 
For, many conditional matrices of the kind described in (II) do 
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not correspond in the intended fashion to the conditional state- 
ments described in (I). One is this: 

(4) X ^ X < y O. (:v)(:v ^ x) ^ {x)(x < y). 

When names are put for the free variables of (2), we have a con- 
ditional statement — e.g. (1) — of the kind described in (I); but 
when names are put for the free variables of (4), we get conditional 
statements such as the following, altogether alien to (I) : 

(5) 0 = U 0 < 1 :D- (x)(x = x) ^ (.x){x < 1). 

Far from being a conditional of the kind described in (I), (5) 

is not even true — as is readily seen by observing the truth of 
*0 “ 0 .s. 0 < 1’ and * (x)(x = x)* and the falsehood of 

‘(x)(x< 1)’ and then calculating the truth value of the whole 

by truth-tables. (II) is too strong; the matrix (4) is not true 
for all values of its variables, i.e. does not have a true closure, as 
the counter-instance (5) demonstrates. 

The essential difference between (2) and (4) is apparent. 
Roughly speaking, the trouble with (4) is that when the *x - x' 
and ^x<y^ of the antecedent recur in the consequent they fall 
under new quantifiers which capture free variables of the ante- 
cedent and divert them to their own purposes. The occurrences 
of ^x - x^ and ‘^<3;^ in the consequent of (4) resemble those 
in the antecedent by virtue only of an alphabetic accident; for 
the occurrences of ^x^ in ^{x){x^xy and ^{x){x<yy are 
governed by the adjacent occurrences of the quantifier '{x)% and 
have nothing but an alphabetic coincidence in common with the 
occurrences of *x^ in *x ^ x x < y\ (4) could be rendered 
equivalently as: 

(6) X ^ X ^^.x <y On {%)(z = z) s {w){zo < y), to which 

(II) is obviously irrelevant. 

The corrected form of (II), which avoids such unintended cases 
as (4), is this: (III) the closure of^<l> ^ d>' .3. ^ is true where 

is like ^ except for containing free occurrences of d>' at some places 
where yp contains free occurrences of p. (I) is that special case of 

(III) which arises when = <^»' .3. p ^ is its own closure, i.e., 
a statement. 
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Nothing has been said thus far by way of establishing even (I), 
much less (III); all that has been shown is that (II) fails. But in 
the metatheorem *122 below it will be shown that the broad sub- 
stitutivity principle (III) holds, and more: the closures of the 
conditionals described in (III) are not merely true, but theorems. 

It turns out, moreover, that even such recalcitrant forms as (4) 
will hold if we modify them to the extent of attaching one or more 
appropriate quantifiers to the antecedent. In particular, whereas 
the closure of (4) as it stands is false, the closure of: 

(:c)(;if = X -s, a; < y) 3- (Ar)(A: = ;c) s (;f)(:v < y) 

is true. A generalization of (III) or *122 which covers such cases 
appears below as *121. This is proved ahead of *122, which then 
follows as a special case. 

Preparatory to proving *121 as a whole, it is convenient to prove 
the case where differs from ^ in point of just one occurrence of , 
This case takes the form of the following metatheorem. 

*120. 7/ is like ^ except for containing p' at a place where yp 
contains 0, and ai, . . . , an (w ^ 0) exhaust the variables with respect 
to which these occurrences of p and 0' are bound in yp and yp\ then 

h"(ai)...(an)(<#^^</>') 

Proof. Let 0o> , <t>k (k 0) be, in order of increasing 

length, all the formulae which occur in p and contain the occurrence 
of p in question; and let 0'o, p'u ■ • • > 4>'k be the corresponding 
parts of From the general method of constructing formulae 
(§ 13) it is then apparent, for each i from 1 to k, that pi and p\ are 
either 1 j x”* and ^p\.i j x"* for some formula x (Case i) or else 

i Pi-i^ and f"x i P'i'P (Case 2 ) or else ^(jS) pi,{^ and ’’(/S) p\.{^ for 
some variable jS (Case j). Now if it happens that 

h "(^l). . ^(an)(P - PO 3. (1) 

it will follow that 

|-''(ai). . .(an)(p ^ p^) 3. pi ^ p'p, 
as will now be shown in each of the three cases. 

Cases I y 2.' (1) h^(ai). . .(an)(P s p^) D. <^,.1 - p'i.i-' 

*100 D. Pi ^ p'i\ 


( 2 ) 
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Case j. Any occurrence of jS, within the given occurrence of (i> in 
ypy will be bound to the occurrence of ‘"(jS)"’ which begins •'O) if 
not to a later occurrence of Thus any occurrence of ^ 

which is free in <l> will be bound to the occurrence of which 
begins '“(jS) <t)i~P or to some later occurrence of '“(jS)"' which is like- 
wise outside <l>. Hence if /S is free in </> then the occurrence of 0 is 
bound in ^ with respect to jS. Then, by hp 2, jS is among on, , 
an- By similar reasoning, if jS is free in <t>' then jS is among ai, . . . , 
an- Thus, regardless of whether jS is free in ^ will not be 

free in ^(ai). . -(oin)(<l> = <t>^)~'- Hence 

(1), *117 h ^{aiY . .{ccn)i<i> = <^>') 3 ^ 

*115 X<l>i = 

In Cases 1-3 alike, therefore, and hence for each i from 1 to ky (2) 
holds if (1) does. But, since <t>Q is and <^'o is <t>\ 

*116 h "(ai). . ^ <#>V. 

Hence, taking i as 1, it follows that 

h '"(ai). . -{otn){4> s <^>0 3. (^1 s 

Hence, taking { as 2, it follows that 

h ’’(ai). . .(o^n)(<^> s <^') 3. <;62 =<#>V. 

By such steps we conclude that 

, .ian)(<t> ^ <!>') 3. 

But <#>A: is Ip and <l>'k is 

The more general metatheorem *121 is now easily established. 

* 121 . If is like \k except for containing <t>' at some places where p 
contains </», and ai, . . . , ^ 0) exhaust the variables with respect 

to which these occurrences of <l> and are hound in p and p\ then 

Proof. Let those places be k in number; and, for each i from 0 
to ky let pi be like p except for containing </>' instead of 4 at the first 
i of the k places. Then, for each i from 1 to ky pi is like pi^i except 
for containing an occurrence of 4 ' where pi-i contains an occurrence 
of 4 9 wherefore, in view of hp 2, 

*120 1- ^{ai). . -(an){4 ^ 4') 3- Pi-i = pr- 


( 1 ) 
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h ''[1 = <!>') -^1 1 - = • M- • •(««)(</> = <#>') 

h ’"(o'l). . X^n){<t> = </>') • ^l) - = • («l)* • •(«n)(</> ^<#>') - 

S. (ai). . .(a„)(<^> ^ 0') . ^ 2 '' 


= ,(ai). ..(a„)(<^ = (^0*^A.V (2) 

*100 1- T2 3:] (c^i). . •{an)(<l> =<!>') 3. ^0 - ^A.". 

But ^0 is ^ and i/';. is 

*120 differs from *121 in requiring that just one occurrence of 
in give way to <^' in This means, of course, just one occur- 
rence from the point of view of unabbreviated notation. Even 
where only a single occurrence of <j> appears in our definitionally 
abbreviated notations, expansion according to the definitions will 
invariably show that many occurrences are really present. In 
practice, therefore, *120 is not useful; the more general principle 
*121 is needed. 

The principle *122 discussed earlier follows from *121 as a 
special case. 

*122. If yp' is like p except for containhig free occurrences of <l>' at 
some places where yp contains free occurrences of •py then 
1- f .3. \p = \p'"^. 

Proof: *121 (taking n as 0). 

*121 also has the following much used corollary, in which mention 
of freedom or bondage ceases to be needed: If ^ then <#> 
and 0' are interchangeable anywhere. This takes the form of the 
following metatheorem. ^ 

*123. If and p' is formed from p by putting p' for some 

occurrences of p, then ]r^p ^ P^^> 

Proof. Let ai, . . . , an be all the variables of p and </>'. 

hpl h^P^P'^^ (1) 

*121(& hp 2)' h * -(an)! 3.]^s 

The following is a corollary in turn of *123. 

^ A proof covering this metarheorem is given by Hilbert and Ackermann (§ 7); 
but they do not mention the stronger principles *I2l-*122. 
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*124. and h x' formed from % putting rp for some 

occurrences of ^<l> D }fP or or ^ or ^<l> - or 

. p, then h x'- 


Proof of the case of D 

hp 1 V4>‘ (1) 

hp 2 h X- (2) 

*100 (3) 

(3), *123 h^x^x'". W 

*100 hT4 3. 2D]x'^ 


The other cases are proved similarly. 

*124 is made the basis of a powerful extension of the device of 
square brackets. Where f- *124 provides for the immediate 
deletion of or or cjP or or <;)'^from 

any position within any theorem. Square brackets, hitherto used 
only in the limited fashion justified by *111, can now be used to 
indicate deletions of all these kinds.^ 


§ 19 . Existential Quantification 

TO SAY that nothing fulfills a given condition is to say that every- 
thing fulfills the denial of that condition. To affirm e.g. that 
there are no objects x such that x is distinct from itself, we may 
write: 

(a:) ^ {x is distinct from x ) ; 

i.e., ‘No matter what x may be, {x is distinct from x).’ To 
affirm that there are no black swans, we may write: 

(1) {x) ^ {x is black . x is 2 . swan). 

In effect, thus, the composite prefix * {x) amounts to the words 
‘there are no objects x such that’. 

To say that there are objects satisfying a given condition, we 
have only to deny that there are none. To say that there are black 
swans. we have only to apply a denial sign to (1), obtaining: 

^ See the remarks on the proof of ’^136, § 19. 
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(2) (x) ~ (x is black . is a swan). 

Just as ‘(;v) amounts to ‘there are no objects x such that^ so 
(jf) amounts to ‘there is at least one object x such that', 
‘there is something x such that'. The parts of (x) do not, 
of course, hang together as a unit; in (2) the second applies 
to: 

(x is black . a: is a swan), 
the quantifier '{x)' applies to: 

(x is black . at is a swan), 

and the first applies to the whole quantification (1). But the 
configuration of prefixes (x) figures so prominently in sub- 
sequent developments that it is convenient to adopt a condensed 
notation for it; the customary one is ‘(3^)', which we may read 
‘there is something x such that '. Hence the following abbreviative 
convention : 

D8. '"(3of)"> for 

Prefixes of the form ^(3 a)'' are known as existential (or particular) 
quantifiers; and, where distinction is necessary, the basic quanti- 
fiers ‘"(a)’’ are referred to as universal quantifiers.^ 

The first four of the ensuing metatheorems relate existential 
quantification with universal quantification in obvious fashion. 

*130. ■h‘“'~(a)0 = (3 q:)~</)’^. 

Proof. *100 (1) 

(1), *123 f ^ --(a)<^ s q.e.d. (cf. D8). 

Arguments of the above sort, wherein a tautology is adduced by 
*100 and then *123 is applied to it, will hereafter be rendered in a 
single line with the composite justification ‘*100, *123'; thus the 
above proof becomes: 

*100, *123 h -- {ol)4> = -- (a)^ ^ 

From such a condensed formulation we can always discern the two 
components of the relevant tautologous biconditional (in this case 

1 The version '”(3«)"* goes back to Frege. The notation *'(3«)^ 

was adapted from Peano by Whitehead and Russell. 
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and ^ <^"'), simply by comparing the two sides of the ex- 
hibited biconditional (in this case (<x)<l>^ and 4>^) 

and picking out their dissimilar ingredients. 

The formulae described in metatheorenis and proofs are always 
to be thought of, theoretically, as written out in full without 
definitional abbreviations (cf. § 13). In practice, for the most 
part, we do not need to reflect on the details of the expanded form; 
but occasionally we do need to lift one or another abbreviation in 
order to recognize a particular* step of proof. On such occasions 
the relevant definition is mentioned parenthetically, as in the 
above proof and the following one. Expansion of the abbreviation 
'’(3a:)'’ into e.g., immediately reveals that the following 

metatheorem is covered by *100. 

*131. h (3a:)<^> = {a)'^ (jp. Proof: *100 (& D8) 

*132, |- ''<^( 0 : 1 ) . . . {an)(t> = (3a:i) . . . (3a:„)">- (fP, 

Proof. *130 (ao). . 

*130, *123 = (3ai)(3a.>)-(a«)...(aJ<^‘’ 

*130, *123 - (3ai). ..(3aJ- (#>". 

*133. h "--(aai). . .{3an)<t> ^(ai). . .(a,,)- <t>\ 

Proo/ similar, using *131. 

The next two metatheorems are the analogues, for existential 
quantification, of *104 and *110. 

*134. If <i>’ is like <l> except for containin-g free occurrences of a 
wherever p contahis free occurrences of a, then [-'’<#>' D(3a:)d>''. 
Proof. *104 (& hp) 1- D (1 ) 

*100 (& D8) h ''[1 D] 134\ 

*136. [-^<l>3(3a)(tP. Proof: *134 (taking a as aK 

A corollary follows, 

*136. \-^{a)<t>D(3a)<l>P 
Proof. *100 h ''[110 . 135 .3] 136’'. 

The bracketing involved in the above proof, which gets rid of two 
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numerals *110’ and *135’ at once, merely indicates repeated use of 
the simple bracketing device. It can be broken down thus: 

h "*110 . 135 .D 136^ h TllO .] 135 .D 136^ 

1-^135 3 136\ hTld5D] 136\ 

or alternatively thus: 

h ^110 . 135 .3 136^ h r-iio [. 135] .3 136^ 

1-^110 3 m\ h TllO 3] IdcP. 

*124 is the justification of this bracketing out of ‘ 110 .’or 135’; 
and it justifies similar bracketing when * = ’ occurs in place of the 
*.’ of these examples. The bracketing of *135 3’ and ‘110 3’, 
above, is justified by *124 and *111 indifFerently. Even in cases 
of this sort '\ji 3]’, however, *124 allows more freedom than *111 
allowed; matter bracketed out according to *124 may stand in 
the interior of a line of proof, whereas *111 served only for bracket- 
ing out the main antecedent of the whole line. 

The following metatheorem explains vacuous existential quanti- 
fication. It is the analogue of *118. 

*137. If a is not free in 0, s {3a)(t>'^. 

Proof, *118 (& hp) [- <t> s (1) 

*100(&DcS) 

The next shows that consecutive existential quantifiers, like 
consecutive universal ones, are permutable. It is the analogue of 
*119. 

*138. hT3a)(3/3)0^ (3^)(aa)<^^ 

Proof. *100, *123 (& D8) h '"(3a:)(30)<A = - (a) i(S) <l>'^ 
*119, *123 = - 

*100, *123 (& D8) s {3^)(3aH\ 

The order in which consecutive quantifiers are written can make 
a difference, on the other hand, when one quantifier is existential 
and the other universal. ‘(3:v)(y)Cr = y) ’ is false, e.g., whereas 
*(y)(3j:)(;v = y)’ is true. It does turn out that ^(3a)(i5)<^"' im- 
plies ^(P)(3a)<py but the converse fails. 

*139. hT3a)W<^3 (^)(3a)<^^ 

Proof, *102 h T(«135 3.](^)«^3(0)(3^)0^ 


( 1 ) 



§20 DISTRIBUTION OF QUANTIFIERS 105 

*100 1- Tl 3.] ~ (|3)(3a)<^. D ~ (|3)<P •. 

(2), *117 |-'■~(/3){3a)^^ (3) 

- *100 (&D8) |-T3 3]139\ 

Now that the metatheorems have come to be scattered through a 
considerable number of pages, and an ever increasing number, the 
reader is advised to use the list at the end of the book in order to 
identify metatheorems cited in proofs. If a metatheorem is used 
only within the section in which it appears, it is not entered in the 
list; but in this case the reader needs only to glance back a page or 
two. The definitions are likewise assembled at the end of the book. 


§ 20 . Distribution of Quantifiers 

WE TURN now to some principles dealing with the distribution of 
a quantifier through a binary compound. 


*140. [- . yp) s. (qj)0 . 

Proof. *100 (jP. (1) 

*102 (2) 

Similarly D {<x)\p'^. (3) 

*100 \- ^{a)(l > . (a)\p .D {oc)<jP 

*110 3 (j>\ (4) 

Similarly |- ^{a)(l > . {a)xp .3 \p. (5) 

*100 h T2 - 3 .3 :](a)(0 . yp) 3. {a)(t> . (a)yp\ (6) 

*100 |- ^[4 . 5 .3 i}{a)(l> • {a)yp .3. <#> . (7) 

(7), *117 \-^{a)<i>,{a)pD {a){<l>,p)\ (8) 

*100 hT6.8.3]140*'. 


*141. [- ^(3a)(0 V p) =. (3a)p V (3a)^’^. 

Proof *100, *123 f- iP^P) = (a)(~' P • ^ P)'^ 

*140 p B (oi)^ p^. (1) 

*100 (& D8) h Tl 3]i4r. 

*140 shows that a universal quantifier can be distributed through 
a conjunction, and *141 shows that an existential quantifier can be 
distributed through an alternation. But distribution of a universal 
quantifier through an alternation is not in general valid, nor is 
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distribution of an existential quantifier through a conjunction. The 
biconditionals: 

(x){x is red. w ^ {x \s red)) s, (5f)(jc is red) v (x)'^ {x is red), 
(3:jf)(A: is red . (a: is red)) =. {3x){x is red) . (3.^;) (x is red), 

e.g., are false, as can be seen by observing the truth of; 

(a;)(x is red -v (x is red)), (3:^)(^ is red), (3^)~ (x is red) 
and the falsehood of: 

(3a:) ( jf is red . ^ (a: is red)), (x)(x is red), (at) ^ {x is red) 
and then applying truth tables. 

*141 has the following corollary.^ 

*142. h ^(3«)(<i> 3 V') (od<t> ^ (3a)^". 

Proof, *141 (& D4, 8) |- *"(30:) (<^ D ^) (a)^'*^ D (3a)\lP 

*100, *123 s. (a)cl>D (3a)yp\ 

The citation of D4 and D8 in this proof calls attention to the 
fact that 

V ^) s. (3o:)'^ <t> V 

and ^(3a)(<l) D ^) (a)^^ 0 D (da)^”* 

are the same formula under different abbreviations. 

*140 equates a quantified conjunction with a conjunction of 
quantifications; *141 does likewise with respect to alternation; 
and *142 does likewise with respect to the conditional. Various 
further principles of this kind also hold, but only when the bi- 
conditional is weakened to a conditional in one direction or the 
other. *102 is one such principle, and we now proceed to fourteen 
more. 

*143. h ^{a)<l> V (a)^ .D V 

Proof. *100 |- ’’0 D, V (1) 

*102 h T(«)l 3 M{<l> V ^|^)\ (2) 

Similarly |- ''(a)^ D («)(<#> v \l/)\ ' (3) 

*100 h T2 . 3 .D]143^ 

* This principle, though not so well known as others in this section, goes back to 
Schroder (vol. 3, p. 30). But its analogue D ^) (3a)d> D («)^"'> also 

given by Schroder (loc. cit.), is Invalid. Half of it does hold; cf. *148, 
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*144. 1“ ^(oc){4> V D. (3c()<^) V 
Proof. *102 (& D4, 8) [- ''(a')(~ ^ D D. (3q:)<^ v (1) 

*100, *123 \- '■[1 = ]144'’. 

*146. |- ''{a){4> V 3. (a)<t> V (3a)iP''. 

Proof. *144 |- ’'{a)(ip v <f>) 3. (3a)^ V (a)^'' 

*100 3. (a)^v(3a)^l (1) 

*100, *123 f-Tl=]145-'. 

*146. [- ’^{oc)4> V (3q:)^ .3 (3a)(^ V 

Proof. *100 hTl36 3:](a)<#.v(3a)if-.3.(3a).#.v(3a)i;'''. (1) 
*141, *123 1- ^146 [= I]-!. 

*147. 1“ '’(3a)<^> V (a)i^ .3 (3a)(^ V Proo/ similar. 

*148. '■(3a)0 3 .3 («)((#> 3 

Proof. *100 ('& D8) h '-(3oc)<t, 3 (a)rp .3. (a)~ 0 v 
*143 (&D4) 3(a)(0 3^r. 

*149. 1- '■(a)(<^. 3 3. (3a)<i. 3 (3aW. 

Proof. *145 (& D4) |- 3 \^') 3. (q:)~ <(> v {3a)\lP 

*100 (&D8) 3. (3a)0 3 (3a)v«'^ 

*150. [- 3 (3a),;' .3 (3a)(<;. 3 

Proof. *100 (&r 138) |- ^(3a)<;) 3 (3a),;'. 3. {oi)~ <j>V {3 ol) 

*146 (& D4) 3 (3a)(<;. 3 V-)^. 

*151. h ^{a)<t> 3 (oc)^ .3 (3a)(<;. 3 
Proof. *147 (& D4) f ^(3a)~ <j> V (a),^ .3 (3a)(« 3 vt')^ (1) 
*1.W, *123 (& D4) h riSl [= ip. 

*162. h f(a)(.;. . vt) 3. (3a).;. . (a),;-'’. 

Proof. *100 h T136 3 ;] (a)0 . (al.^ .3. (3a)^ .{oc)4^-^. (1) 
*140, *123 1-''152C= !]■'. 

*153. '’(a)(.^ . ^) 3. (a).;. . (3a)V'''. Proof similar. 

*164. |- '"(a).;. . (3a)^ .3 (3a)(<;> . f/y. 

Proof. *102 1- 0 ~ 3. (a H 3 (a)~ (1) 

*100. *1231-T1 =:](a)-(<^..;')3.(a)«3 (a)'-'f''.(2) 
*100 (& D8) I- '■[2 3]154‘'. 
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*166. h 

m 

L_ 

ia)4/ .3 (3a)(4> . 4')''. 


Proof. 

*100 

|- ''(3a)4i . (a)4' .3, (a)4' • (3a)4)'' 



*154 

3 (3a)(^.<»\ 

(1) 


*100, * 

123 1- ''[1 s]155''. 


*166. h 

m 

L. 

. 4') (3a)4) . (3a)4'''. 


Proof. 

*100 

|- ''4) . 4) .3 

(1) 


*149 

1-T(«)13.](3“)(«>-W3 (3a)4)". 

(2) 


Similarly |~ ^(3a)(<^ . \p) D {3oi)yp^. 

(3) 


*100 

h T-2 . 3 .3]156\ 



*143, *145, and *146 reveal a chain of four successively weaker 
formulae, each of which implies its successor: 


*143-*156 and *102 reveal also five other such chains, thus: 

*143, *144, *147; 

(a)\p, '■(a)(<^ V '■(3a)4> V (a)^'', '■(3a)(<i> V 

*148, *102, *151: 

''(3a)</. D (a)V'\ '■(a)(<^l D i/')\ '■(a)4> 3 (a)^’', ''(3a)(<^ 3 

*148, *149, *150; 

''(3a)4' 3 ''(a)(4) 3 '’(3a)4) 3 (3a)4''', ''(3a)(4) 3 4')''; 

*153, *154, *156: 

''(a)(4) .4')"', ''(a)4) . (3a)4''', ''(3a)(4) . 4')'', ''(3a)4) . (3a)4'''; 

*152, *155, *156: 

'■(a)(4) . 4')’'. ''(3a:)4> • (a)4''') ''(3a)(4) . 4')''> ''(3a)4) . (3a)4'''. 

The next four metatheorems show that a quantifier covering a 
conjunction or alternation may equivalently be restricted to a 
single component in case the variable of quantification is not free 
in the other component. 

*167. If a u not free in 4), t” •4') =•<(> • (a)4'''- 

Proof. *118 (& hp), *123 I- ''157 [s 140]^ 

*168. If a is not free in 4), j- ''(3a)(4) •4') =■ 4* ■ (3a )4'''. 

Proof. 

*137 (& hp), *123 h r(3a)(4> . 4) 3. 4) . (3a)4'[:= 156]^ (1) 
*118 (& hp), *123 h ^4- . (.3cc)4^ .3 (3a)(4) . 4')[:= 1541. (2) 
*100 HTl . 2.3]158\ 
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*159. If a is not free in [- ^{a){<i> V =. 0 v 
Proof. 

*137 (& hp), *123 h )(<^> V D. <^> V (a)^[:- 144J. (1) 
*118 (&hp), *123 h^</>v(a)^.D («)(<#> v^)[:^ 143r. (2) 

*100 h Tl - 2 .D]159“>. 

*160. // a is not free hi <^, |- '"(3a)(<#> V <#> v 
Proo/. *137 (& hp), *123 j- *"160 [= 141]“*. 

In like fashion a quantifier covering a conditional may be re- 
stricted to the consequent if the variable of quantification is not 
free in the antecedent. This is already provided by *159 and *160, 
in view of D4. But a curious twist appears in the opposite case, 
where the variable of quantification is not free in the consequent: 
to confine the quantifier to the antecedent we must change it from 
universal to existential or vice versa. 

*161. If CL is not free in rp, [- ^(a)(0 D s. {3a)<t> 3 yp. 

Proof. 

*137 (& hp), *123 h ){<!> 3 P 3. i3a)<t> 3 p [:s I49p. (1) 
*118 (& hp), *123 h ^(3a)<^> ^^PD (a ){ct> 3 ^)[:s 148]T (2) 
*100 hTl . 2.3]161“‘. 

*162. If a is not free in f- ^{3a)((l> 3 ^) =. (a)<^ 3 p. 

Proof. *137 (& hp), *123 f- ^162 [= 142p. 

The following corollary of *161 proves useful. 

*163. 3 and none o/ ai, . . . , q:„ is free in p, then 

h ^(Boji). . .(3an)0 3 p. 

Proof, hp 1 h ^ (1) 

*161 (& hp 2) h T(«n) 1 ^.](3«„)0 3 A (2) 

*161 (& hp 2) y- '"[(ttn-i) 2 s-](3a:n-i)(3an)<i> 3 py 
and so on. 


§ 21 . Alphabetic Variance 

VARIABLES, as remarked (§ 12), serve merely for cross-reference 
to various positions of quantification. The particular choice of 
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letters which happens to be made, in constructing a statement, is 
immaterial to the meaning so long as the system of cross-references 
remains the same. The statements: 

(1) W(>’)('^ < .V .3 {z)(z < x.D.z < y))» 

(2) (^)(y)(x < y .3 (w)(w < X D, w < y)), 

(3) (x){z){x < z .3 {w){w < X -3- zv < z)), 

(4) (y)(z)(y <2.3 (w)(zo < y .3. w < z)), 

e.g., are equivalent; they differ from one another only in an acci- 
dental detail of notation. If instead of using variables we were to 
indicate the cross-references by the method of curved lines (cf. 
§ 12), differences of this sort would drop out altogether. The de- 
velopment of a technique for recognizing such purely alphabetic 
variants as (1)~(4), and interchanging them at will, is the price 
which we must pay for a system of notation which is in most re- 
spects more convenient than its known alternatives. The present 
section will be devoted to paying this price. 

Each of the statements (1)~(4) is transformed into the next by 
relettering a constituent quantification i.e., by replacing 

^(<x)rp by ^ where is like ^ except for exhibiting a' 

in place of a. But such relettering cannot always be depended 
upon to preserve equivalence. The rewriting of ‘z’ in (1) as ‘w' 
produces (2), which is indeed equivalent; the rewriting of ‘z' as 

\ however, would have produced: 

(5) {x){y){x < y .3 (y)(y < x .3. y < y;), 

which, far from being equivalent to the truths (1) and (2), is false. 
The relettering which leads* from (1) to (5) alters the pattern of 
cross-references; the last occurrence of ‘y * in (5) refers back to the 
last quantifier occurrence in (5), whereas the correspondingly 

» Strictly speaking the conventions of quasi-quotation fall into ambiguity at this 
point, because of the fact that Greek and Latin letters are both eligible to accentu- 
ation. Is the quantifier in to be understood as the result of putting the 

variable a' (e.g. ‘y’) in the blank of ‘( )*, or is it to be understood rather as the 

result of putting the variablei a (e.g. in the blank of ‘( 0’*^ The former, 
obviously, is the intention. In general, let us understand accents in quasi-quota- 
tion as belonging thus always to the Greek letters rather than to the contextual 
framework. 
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placed occurrence of ‘v’ in (1) refers back rather to the second 
quantifier occurrence in (1). 

In general, if the replacement of by is not 

to affect the cross-references, the free occurrences of o' in 
must exactly match the free occurrences of a in ip; for it is just 
those occurrences that refer back to the initial occurrence of the 
quantifier in or (cf. (ii), § 14). Quantifications 

and which are so related will be called immediate al- 
phabetic variants of each other. In full: and are im- 

mediate alphabetic variants if ^ and are alike except that p' 
contains free occurrences of a at all and only those places where ^ 
contains free occurrences of a. Thus the quantification: 

{w){w < X .D. w < y), 

which appears in (2), is an immediate alphabetic variant of the 
quantification; 

(z)(z < X .3. z < y) 

of (1); on the other hand this is not true of the quantification: 

(.v)(y < X .3. y < y) 

'which appears in (5). 

Now the kind of relettering which leads from (1) to (2), from 
(2) to (3), and from (3) to (4) can be described as follows: it con- 
sists in replacing a constituent quantification by an immediate 
alphabetic variant thereof. Formulae which are intertransformable 
by one or more such steps will be called, in general, alphabetic 
variants. Thus (l)-(4) are all alphabetic variants of one another; 
(5), on the other hand, is an alphabetic variant of none of them. 
The rigorous formulation is this: formulae <p and are alphabetic 
variants if there are formulae • 4>n such that <^>i) is <^), <^>„ is <#»', 

and, for each i from 1 to n, <l>i is formed from <l>i \ by replacing some 
constituent quantification ^(ai)\pp by an immediate alphabetic 
variant thereof. 

In the above explanation it was not required that (j) and be 
statements; the notion of alphabetic variant applies to statements 
and matrices indifferently. The relettering involved in passing to 
an alohabetic variant of <l> is alwavs, however, a relettering of 
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occurrences which are bound in <l>; we rewrite the variable within 
a quantifier and at such subsequent occurrences as refer back to 
that position of quantification. Thus matrices <t> and (j>^ are not 
classed as alphabetic variants if they differ from each other in 
point of free occurrences of variables. This is as it should be; the 
particular choice of letters is indeed immaterial to a statement so 
long as a certain general structure is maintained, but this is not 
true of the free variables of a matrix. The matrices ‘ v = at’ and 
‘y = 2 ^ actually differ in meaning — in this important sense: re- 
placement of the one by the other can turn a true context into a 
falsehood. It turns the truth: 

(6) (x)(y){z)(x = y . y *= 2 .3. .r = 2 ). 

e.g., into the falsehood: 

(x){y)(z){x ^ y . y = .v -D. a-= 2 ). 

A matrix (t> (e.g. ‘y = z') is a fragment of one or another statement \p 
(e.g. (6)), and any free variable a of is indeed a bound variable 
of yp. But any rewriting of a w’hich preserves the meaning of \f/ 
must touch occurrences of a outside <#>; the fragment itself and 
the relettered fragment (e.g. ‘ v == .v’) are not interchangeable. 

Where is a statement and <^' is an alphabetic variant thereof, 
the biconditional ''<13 = <t>'^ will of course be trivially true. More- 
over, it will be a theorem. This will now’' be proved, and more: 
where <!> is 3. matrix rather than a statement, the closure of the 
biconditional is still a theorem. 

First we attend to the case of immediate alphabetic variants: 
*170. If ^i<x)yp'' aiid '"(a')^'"’ immediate alphabetic variants^ 
I- ^{oL)ylf s (a')^'^. 

Proof, By hp, yp and yp' are alike except that -yp' contains free 
occurrences of a' at ’all and only those places where \p contains free 


occurrences of a. 

Hence, by *104 and *117, 



\-''{a)ypy(a')yP'\ 

(1) 


h '^{a')\p' D 

C2) 

*100 

hTl.2.D]l70''. 


The extension 

to the case of alphabetic variants 

in general is 


then obvious: 
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* 171 . If <t> and <t>' are alphabetic variants^ 

Proof. By hp, there are formulae <#>o, <^>i, . . . <t)n such that po 
is (#>, <l>n is <l>\ and, for each i from 1 to w, <l>i is formed from by 
replacing a quantification ^(oii) by an immediate alphabetic 
variant ‘‘(a'i) yp'p thereof. For each f, by *170, 

and hence, by *123, f- s (j>t\ Thus 

f” ' <#>o = 


= (prP, q. e. d. 

The transformation of a formula p into an alphabetic variant <^>' 
runs through a series of stages <l>u <#> 2 » * • • <l>n-h Each com- 
ponent step of transformation consists in supplanting some 
quantification ^(ai) \pp by an immediate alphabetic variant 
*”(«'{) thereof. The end result 4> differs from p with respect to 
many variables, in general, and <l>i, <h^ ... Pn-i are the interme- 
diate results of making the alphabetic changes one at a time. 

It might be supposed, then, given (j> and </>', that we can always 
supply the intervening stages <^>i, <#> 2 , . . . , 0„-i by the simple process 
of putting the new letters for the old ones one at a time in an 
arbitrary order — say in the order of occurrence of the quantifiers 
concerned. Actually the matter is not so simple. Let us return to 
the examples (l)-(4) at the beginning of the section. (1) and (4) 
are known to be alphabetic variants; and (4) differs from (1) in 
exhibiting ‘z\ and 'to' instead respectively of ‘y’, and 
‘z\ Yet we cannot get from (1) to (4) by first putting S’’ for 
then ‘z’ for S^ for ‘z\ The first of these steps leads 

from (1) to: 

(y)(y)(3' < y (^)(z < y .D. z < y)), 
which is in fact not an alphabetic variant of (1); and if we put ‘z* 
for S* in this result and for ‘z’ in the new result we end up not 
with (4) but with the monotonous truism: 

(w)(w)(w < za D (zv)(zo < zo D.w < w)). 
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'hat (1) and (4) are alphabetic variants is shown rather by the 
squence (1), (2), (3), (4) — the sequence obtained by rewriting 
5 * first as ^w\ then ‘v* as ‘z’, then ^ x* as 
Again, consider the following pair of alphabetic variants: 

(7) (:v)(a: is a number -D ^ (y)(^ = -f y)), 

(^) (.v)(y is a number .3 W(y ^ y x)), 

i) differs from (7) in exhibiting ‘y’ and *x' instead respectively 
f ‘at’ and ‘y'; yet an appropriate sequence 0, <t>u . , , <j>n-u <l>' 
)ining (7) and (8) can be found neither by first changing ‘x' to 'y' 
nd then changing 'y* to *x\ nor by following the reverse order, 
he desired connection between (7) and (8) can be made only 
irough intervening stages such as the following, which involve 
imporary introduction of a new letter ‘z’: 

(9) . (z)(z is a number .3 ^ (y)(z = z -h y)), 

(10) (z)(z is a number .3 {x){z « z -f x)), 

he statements (7), (9), (10), (8) do constitute a sequence 
. j <t>' of the appropriate kind. 

Returning to the general case, let <t> be an alphabetic variant of 
containing a(, a!-i^ . . . ak in place respectively of ai, ^ 2 , . . ■ oja-. 
^e see that the connecting links <t>i, </> 2 , etc. which establish alpha- 
)tic variance cannot in general be found by the simple expedient 
putting a'l for a\ in (#>, then a' 2 > for in the result, and so on. 
his expedient has been seen to fail where <!> is (1) and is (4), and 
;ain where <#> is (7) and (t>' is (8), Any number of other examples to 
e same purpose could be constructed, sharing always this feature: 
irious of Oil, o! 2 , . . . Oik reappear among a'u q:' 2 , . . • cx'k- 
A method is apparent, however, which reveals suitable links 
, 02 , etc. in the general case. It turns on temporary introduction 
new letters as in (9) and (10). Where /3i, 02 , . . . are any vari- 
les which are distinct from one another and from all variables of 
and 0', construct the sequence 0i, 02 , . . . <l>k by putting 0i for ai 
0, 02 for 0:2 in the result, and so on; then form the continuation 
hi, . 02A- I, 0' by putting ai for 0i in 04-, a'o for 02 in the 

>ult, and so on. The total sequence 0 , 0 i, 02 , . . . , 02 a- 1 , 0 ' does 
ablish alphabetic variance of 0 and 0 '. Where 0 and 0 ' are ( 1 ) 
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and (4), e,g , and |3i is chosen as ^ ^ as ‘y'*, and as ‘z'\ the 
described method supplies 0 i, 02 , 03 , 04 , and 0 ^ as follows: 

(11) (x')(y)(x' < y J (z)(z < x' J. z < y)), 

( 12 ) (x')(y')(x' < y' J (zKz < x' J. z < y')), 

(13j (x')(y')(x' < y' J (z')(z' < x' .D. z' < y')), 

(1^) (y)(y')(y < y' (z')(z' < y .3. z' < y')), 

(15) (y)(z)(y < zJ (z')(z' < y z' < z)). 

Each succeeding formula of the sequence ( 1 ), ( 11 ), ( 12 ), (13), (14), 
(15), (4) differs from its predecessor merely through replacement of 
a constituent quantification by an immediate alphabetic variant 
thereof; the alphabetic variance of (1) and (4) is thus verified. 

This general method delivers somewhat longer sequences than 
necessary. We know, e.g., that the sequence ( 1 ), ( 2 ), ( 3 ), ( 4 ) 
would suffice in place of the sequence ( 1 ), (11)-(15), ( 4 ). But the 
method has the virtue of simplicity in general formulation. Its 
existence will excuse us, in future pages, from citing intervening 
formula 01 , 02 , etc. by way of establishing any alleged case of 
alphabetic variance. The reader can be left always to check the 
matter for himself, by the general method if not by inspection. 

The discussion of alphabetic variance has . been limited to vari- 
ables governed by universal quantifiers, but it carries over auto- 
matically to variables governed by existential quantifiers; for an 
existential quantifier is merely shorthand for a universal quantifier 
with a couple of denial signs. 
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§ 22. Class and Member 


IN CHAPTER I connectives were studied which answer to the 
statement connectives ‘neither-nor’, ‘if-then’, ‘and’, etc, of 
ordinary discourse. In Chapter II the essential notions were 
formulated which underlie the common use of the words ‘what- 
ever’, ‘air, ‘there is’, ‘some’. We now turn to a connective ‘c’ 
which embodies the principal meaning of the ambiguous word 
‘is’.^ . 

Sometimes ‘is* has the sense of ‘ =’, or ‘is the same as’; such is 
its sense in ‘Paris is the capital of France’, ‘Tully is Cicero’. 
But in ‘Paris is a city’ or ‘Tully is wise’ or ‘Socrates is wise’ the 
word cannot be so construed; from ‘Tully = wise’ and ‘Socrates 
= wise’, indeed, we could infer that Tully = Socrates. In such 
contexts ‘is’ expresses rather possession of a property, or member- 
ship in a class: Paris belongs to the class of cities, and Socrates 
belongs to the class of wise beings. It is this sense of ‘is’ that is 
rendered symbolically by the connective ‘e’: ‘Paris e city’, 
‘Socrates € wise’. The connective ‘6* is (like ‘ = ’, ‘hates’, etc.) a 
binary predicate (cf. § 5); whereas ‘ J, ’, ‘3’, etc. yield state- 
ments when put between statements, ‘e’ yields statements when 
put between names. 

In the examples which have been cited for one purpose or an- 
other in the course of foregoing sections, the names which figure 
most prominently are ‘Jones’, ‘Smith’, ‘Socrates’, ‘Boston’, 
‘Paris’. But the names which ‘e’ is used to connect are not ex- 
clusively of this sort. What is ordinarily wanted to the right of ‘e’ 
is a general term, e.g. ‘wise’ or ‘city’, rather than the name of 
some specific man or place. It is convenient, however, to regard 
such general terms as names on the same footing as ‘Socrates’ and 
‘Paris’: names each of a single specific entity, though a less 
tangible entity than the man Socrates or the town Boston. The 
word ‘wise’ may be treated as name of the class of wise beings, 

' ^ The notation short for *c<rrr, is Peano’s. 

119 
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taken as a single object of an abstract kind; and ‘city’ may be 
treated as a name of the class of cities. The statement ‘Socrates € 
wise’, now, says something about two objects, man and a class; 
namely it says that the one is a member of the other. Correspond- 
ingly for ‘Paris e city’. 

The reassuring phrase ‘mere aggregates’ must be received 
warily as a description of classes. Aggregates, perhaps; but not 
in the sense of composite concrete objects or heaps. Continental 
United States is an extensive physical body (of arbitrary depth) 
having the several states as parts; at the same time it is a physical 
body having the several counties as parts. It is the same concrete 
object, regardless of the conceptual dissections imposed; the heap 
of states and the heap of counties are identical. The class of states, 
however, cannot be identified with the class of counties; for there 
is much that we want to affirm of the one class and deny of the 
other. We want to say e.g. that the one class has exactly 48 
members, while the other has 3075. We want to say that Delaware 
is a member of the first class and not of the second, and that 
Nantucket is a member of the second class and not of the first. 
These classes, unlike the single concrete heaps which their members 
compose, must be accepted as two entities of a non-spatial and 
abstract kind. 

Once classes are freed thus of any deceptive hint of tangibility, 
there is little reason to distinguish them from properties. It mat- 
ters little whether we read ‘a; e y ’ as is a member of the class y ’ 
or 'x has the property y ’. If there is any difference between classes 
and properties, it is merely this: classes are the same when their 
members are the same, whereas it is not universally conceded that 
properties are the same when possessed by the same objects. The 
class of all marine mammals living in 1940 is the same as the class 
of all whales and porpoises living in 1940, whereas the property of 
being a marine mammal alive in 1940 might be regarded as differing 
from the property of being a whale or porpoise alive in 1940. But 
classes may be thought of as properties if the latter notion is so 
qualified that properties become identical when their instances are 
identical. Classes may be thought of as properties in abstraction 
from any differences which are not reflected in differences of in- 
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stances. For mathematics certainly, and perhaps for discourse 
generally, there is no need of countenancing properties in any other 
sense. 

Discourse in general, mathematical and otherwise, involves 
continual reference to abstract entities of this sort — classes or 
properties. One may prefer to regard abstractions as fictions or 
manners of speaking;* one may hope to find a method whereby all 
ostensible reference to abstract entities can be explained as mere 
shorthand for a more basic idiom involving reference only to con- 
crete objects (in some sense or other).^ Such a nominalistic 
program presents extreme diifficulty, if much of standard mathe- 
matics and natural 'Science is to be really analyzed and reduced 
rather then merely repudiated; however, it is not known to be 
impossible. If a nominalistic theory of this sort should be achieved, 
we may gladly accept it as the theoretical underpinning of our 
present ostensible reference to so-called abstract entities; mean- 
while, however, we have no choice but to admit those abstract 
entities as part of our ultimate subject matter. 

We are thus to recognize as names of entities not only such ex- 
pressions as ‘Nantucket’, ‘the capital of France’, ‘the northern- 
most chimney of Craigie House’, but also general terms, conceived 
as naming abstract classes. And when through the medium of 
quantification we affirm something as true of every object x, we 
mean it to apply not merely to every spatially extended concrete 
object X, but to every object, abstract or concrete, class or indi- 
vidual. 

Our working ontology is thus pretty liberal. But in mitigation 
it may now be said that this is the end; no abstract objects other 
then classes are needed — no relations, functions, niimbers, etc., 
except insofar as these are construed simply as classes. In addition 
to concrete objects we need recognize only classes having such 

1 See my “Designation and Existence,” “Logistical Approach,” and “Theory 
of Classes.” Note that Russell’s contextual definition of class names (“Mathe- 
matical Logic”; also Principta, vol. 1, pp. 71 fF, 187 ff) does not dispense with 
abstract entities, but only eliminates so-called classes in favor of properties. This 
point is obscured by ambiguity of the phrase ‘propositional function’, which some- 
times means ‘property’ and sometimes ‘statement matrix'. 
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objects as members, then classes whose members are drawn from 
the thus supplemented totality, and so on. This is presumably all 
the ontology that is needed for discourse in general; certainly it is 
all that is needed for mathematics. 

It is by no means clear what objects are to be regarded as con- 
crete. E.g,, should we regard men as concrete objects, or should we 
regard events as concrete objects and then explain men as classes 
df events? For present purposes it does’not matter, for there will 
be no occasion in the formal developments to speak specifically 
of concrete objects. It would even be possible, compatibly with 
the projected formal developments and indeed with the whole of 
mathematics, to repudiate concrete objects altogether — to recog- 
nize just classes, each of which has classes in turn as members or 
else no members whatever. Such an ontology would recognize an 
empty or null class, a class whose sole member is the null class, a 
class whose sole member is the latter, and so on; also, classes whose 
members are variously chosen from the latter series; also, classes 
whose members are variously chosen from the thus supplemented 
totality; and so on.^ This exclusively abstract ontology has little 
naturalness to recommend it, but there is no need here to reject 
or accept it. 

Where y is a class, ‘x € y’ means that x is 3. member of it. But 
what does it mean where y is not a class? We are free to decide 
this question as we like, by arbitrary supplementary interpretation 
of the sign The decision which seems to offer the greatest 
simplicity, as measured by the general principles produced, is this: 
where y is not a class, 'xey* means *x ^ y\ Hence ^xey\ 
briefly read is a member of y \ is to have as its full translation the 
following: is a member of y or is the same as y according as y is 

or is not a class’. We may continue to use the brief reading if we 
agree that ‘is a member of y’ is to mean ‘is the same as y’ when 
y is not a class. 

The meaning of ‘e’ reduces to that of ‘ just in the extreme 

1 Cf. Fraenkel, **Untersuchungen,*' pp. 255f. The essential principle of this 
ontology might, in view of the developments which are immediately to follow, be 
given the symbolic rendering ‘(y)'^(jf)Cv€y .s, a: * y)’; though this version is 
not suited to Fraenkel’s own system. 
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case where the second object involved is not a class. Thus it does 
not follow that ‘e* will in general serve the purposes of ^ the 
latter connective continues to be needed to carry the meaning "is 
the same as’ as applied to classes and non-classes generally. It 
does turn out, however, that " = ’ is dispensable as a primitive 
connective; it can be defined in terms of "e’, ‘ and quantifica- 
tion (cf. § 25). 

Note further that the notion of class itself is not needed as a 
separate assumption; "y is a class’ can be paraphrased in terms 
exclusively of *6*, " | and quantification. For, under the supple- 
mentary interpretation of just now adopted, the distinguishing 
feature of a non-class y is this: 'x ey^ amounts, for every object 
Xy to ^x = y\ Hence, once having defined " = ’ in terms of "e’, 
" I and quantification, we can paraphrase "y is not a class’ as: 
(x)ix ey .^,x = y) 

and ‘y is a class’ as: 

^ {x)(x € y -s. X - y). 

But none of these considerations, having to do with the inter- 
pretation of ‘x €y’ in cases where y is not a class, will figure ex- 
plicitly in the formal developments which are to follow. Situations 
will never arise where an object y is known to be a non-class. As 
mentioned, the formal developments are compatible with the non- 
existence of entities other than classes; and under this extreme 
alternative the adopted supplementary interpretation of "e* evap- 
orates altogether. 


§ 23 . Logical Formulce 

THE CONNECTIVE "e’ of membership is adopted as part of our 
primitive logical notation, along with the connective ‘ J, ’ of joint 
denial and the quantifiers and variables which constitute the 
notation of quantification. By putting 't between variables, we 
obtain formulae — e.g. *x€x\ ^xey\ 'yez* — which are 

atomic in the sense of having no other formulae as parts. This is 
the first time atomic formulae have come to hand. Hitherto, 
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though formulse in general were described as built up of atomic 
formulae by joint denial and quantifiers, the atomic formulae 
themselves were left unspecified (cf. § 13). 

Strictly, these newly acquired atomic formulae should be de- 
scribed not as -but as for ‘e', like all binary 

connectives, is to be construed as having a pair of parentheses as- 
sociated with it. In practice, under the working conventions ex- 
plained in § 7, loses its parentheses when it stands alone 

or as a component of a conjunction, alternation, conditional, or 
biconditional.^ 

Hitherto no actual expressions could be cited as formulae, be- 
cause of the fact that the atomic formulae were not, given. Now, 
however, one important sort of formulae is definitely fixed; it 
comprises atomic formulae of the kind ^(a e together with all 
other formulae whose atomic parts are of this kind. Such formulae 
will be spoken of henceforward as logical formula. Thus the 
logical formulae comprise, first, all expressions obtainable by 
putting variables ‘y’, etc. in the blanks of ‘( e )’; 
second, all expressions obtainable by putting expressions of the 
first totality in the blanks of ' ( I ) ^ or after a parenthesized 
variable; third, all expressions obtainable by putting expressions of 
the thus supplemented totality in the blanks of ^ ( I ) * or 
after a parenthesized variable; and so on. Synoptically: 
is a logical formula, and if and ^ are logical formulae then so are 
i 'pr and 

Thus the logical formulae comprise such expressions as: 

(xex), (xey), (z«eo), (x)(*«*), (x)(xey), 

(y)(xfy), (x)(y)(xey), ((x e x) l(x e x)), ((x e x) l(x e y)), 

((xey) i(yex)), ((x e y) l( z e te)), (x)((x ex) i(x e x)), 

((x)(x ex) I (y)(x e y)), («>)(x)(((x ex) J, (y)(x e y)) l(x e a/)), 

* Actually the notation ^ot e iS"' could wholly supplant '"(a e I3p at this stage 
— even in rhe absence of special conventions such as those of § 7 — without danger 
of ambiguity. Coupled with notations subsequently to be introduced by definition, 
however, this course would result in ambiguity, as my student K. R. Symon has 
noted. Parentheses are needed e.g. to distinguish ^a(/^y</> e S)"^ from ^a^(y<^eS)“^ 
(cf. p. 202). 
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etc. Such of the logical formulae as have no free variables — e.g. 
the fourth, seventh, twelfth, and last of the above list — constitute 
the logical statements, true or false. These four examples are, as it 
happens, all false. 

There are no atomic logical statements, for the atomic logical 
formulae ‘"(a e /3)’' have free variables. The shortest possible 
logical statements are those which are closures of the one-variable 
matrices ’’(o: e a)”*; in other words, \x)(xex)’ and its alphabetic 
variants '(y)(y€y)^ ‘(z)(z€z)’, etc. These statements happen, 
incidentally, to be false; for they say that every entity (and hence 
every class) is a member of itself. Many classes are indeed mem- 
bers of themselves, but many also are not; the class of cats, e.g., 
is not a cat. 

The shortest logical statements which are true are: 

(1) ((*)(*€*) i (*) (are :«)) 

and its alphabetic variants, e.g.: 

((z)(2 6z)i(y)(y6y)). 

The truth (1), i.e. (x)(x€x)\ denies that every entity is a 
member of itself — though allowing that some may be. This 
truth will not appear as a theorem until a considerably later point 
(t240,§32). 

It will be noted that the logical formulae contain no names — not 
even names of abstract entities, classes. In the atomic formulae 
^{a e jS)"* the a and jS are never names, but merely 'x% \ \\ etc.; 

in eflFect, pronouns (cf. § 12). The logical formulae do indeed com- 
prise statements as well as matrices; the statements have definite 
import not by virtue of exhibiting names in place of variables, how- 
ever, but merely by virtue of containing enough quantifiers to 
render the variables bound at all occurrences. All this is apparent 
from the foregoing description and the examples. Subsequently, 
indeed, the logical formulae will be abbreviated through definitions 
in such a way that names of classes will take form within them; 
but such names will have the status merely of shorthand, capable 
always of elimination in favor of the frugal notation described 
above. 

We shall see in subsequent sections that the notions of identity. 
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relation, number, function, sum, product, power, limit, derivative, 
etc., are all definable in terms of our three primitive notational 
devices: membership, joint denial, and quantification with its 
variables. Under those definitions every true and every false 
statement which is couched in purely mathematical terms becomes 
an abbreviation of a logical formula, in particular a logical state- 
ment, in the sense described above. The three primitives thus 
provide a complete mathematical language. The language is not, 
indeed, a convenient one for mathematical practice; the simple 
statement *1 + 1 « 2’, if translated into terms of these three 
primitives, would run to a length of many pages. For mathe- 
matical practice — demonstration and application of theorems — 
definitional abbreviations are thus indispensable. For meta- 
mathematical practice, on the other hand — formulation and 
investigation of the general notions of formula, theorem, mathe- 
matical truth, etc. — the reduction of concepts to a few primitives 
is indispensable; the subject matter of our metamathematical 
investigations is thereby simplified to the point of manageability. 
(Cf. Introduction.) Reduction of the concepts of mathematics 
to the three primitives is of theoretical significance also as affording 
a measure of the net conceptual presuppositions involved in 
mathematical theory; and the definitions are significant as an 
analysis of the various derivative mathematical concepts. 

Frege was the first to show (1884) that the notions of arithmetic could be defined 
in purely logical terms. A more refined and detailed construction of arithmetic 
and derivative disciplines from logic was carried our by Whitehead and Russell. 
In the reduction of logic in turn to the three present primitives, one essential step 
was Russell's discovery of how to define complex terms in context (cf. §26); a 
second was Sheffer’s reduction of conjunction, alternation, and denial to joint 
denial (§ 9); and a third was Wiener's definition of the ordered pair (§ 36). The 
adequacy of substantially the three present primitives was mentioned by both 
Tarski and Godel in 1931. 

The systems of Tarski and Godel can in fact be translated, .in turn, into terms of 
still fewer primitives: just inclusion (§34) and abstraction (§24). See my “In- 
clusion and Abstraction”; also “Theory of Types”. But the systematization of 
logic developed in the present book turns out, curiously, to resist such translation. 
The reason is that there are differences in detail between the notion of membership 
developed here and the notion of membership which Tarski and Godel took over 
from Whitehead and Russell. The divergence is such that the equivalence of 
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with ^^<f> « V"', on which the definition of quantification in terms of in- 
clusion and abstraction depends, fails in the present system (cf. § 32 ). 

The notion of logical formula does not supersede the original 
relative notion of formula. Logical formulae are formulae of a 
restricted kind, inadequate to the expression of anything beyond 
the bounds of mathematics. For other subject matters we would 
need additional formulae, describable by stipulating new atomic 
formulae appropriate to that subject matter. The atomic formulae 
formed by flanking ‘e’ with variables happen merely to be the ones 
appropriate to logico-mathematical matters. A statement may be 
a theorem under *100-*105 without being so limited in point of 
atomic parts as to be classifiable as a logical formula, logical state- 
ment; and all such statements are logically true, regardless of their 
constituent vocabulary. The theorems which we shall have oc- 
casion to consider in subsequent sections, however, will all be 
logical statements, logical formulae. 

Hitherto we were able to specify only the outward forms of 
formulae, leaving the content — the atomic formulae — unspecified; 
but now, so far as logical formulae are concerned, form and content 
are both at hand. We need no longer limit ourselves to setting 
down metatheorems, to the eflFect that all formulae of such and 
such forms are theorems; we can now set down actual theorems. 
From *104, e.g., we see that the closure: 

of ‘ (x){x € y) D. y € y ’ is a theorem; from *157, again, we see that: 

(y)(z)(W(y € z . ^ € y) y € z . {x){x e y)) 
is a theorem. 

One might indeed think of logic, in a narrow sense, as comprising 
just the theory of statement composition and quantification, and 
hence as dealing with just the outward form of formulae through 
the medium of metatheorems. The level upon which we are now 
entering, then, might be regarded as forming a second level of 
mathematics — the theory of classes, otherwise known as the 
theory of sets, the theory of aggregates, Mengenlehre. At this 
level for the first time actual formulae are forthcoming, as theorems 
about a mathematical subject matter. Relation theory, arith- 
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metic, and other branches of mathematics then fall into place as 
specializations or subdivisions of the theory of classes. From this 
point of view, incidentally, the so-called ‘‘logical formulae” would 
be more appropriately describable as “mathematical formulae”; 
the former designation will be retained, however, and the narrow 
sense of ‘logic’ just now suggested will not be urged. 


§24. Abstraction 

THE USUAL way of specifying a class is by citing a necessary and 
sufficient condition for membership in it. Such is the method when 
one speaks of “the class of all entities x such that . . . appending 
one or another matrix. The class of all entities x such that writes 
poems, e.g,, is the class of poets; the class of all entities x such 
that 

(3y)(y € integer . x 

again, is the class of square numbers. Despite its sanction from 
the side of usage and common sense, however, this method of 
specifying classes leads to trouble. Applied to certain matrices, 
the prefix ‘the class of all entities x such that’ produces expressions 
which cannot consistently be regarded as designating any class 
whatever. One matrix of this kind, discovered by Russell,^ is 
e x)*\ there is no such thing as the class of all entities x such 
that € x). For, suppose w were such a class. For every entity 
Xy then, 

X '^{x € x). 

Taking x in particular as w itself, we are led to the contradiction: 

ZV €ZV € W). 

The matrix ‘ '^{x € ;c) ’ is the first and simplest of an infinite series 
of matrices, viz.: 

€ at), (y) € y • y € (y) (z) ^ (x e y , y e z . z € x)y 

. . . , all of which share the same peculiarity. In the case of each 
* Principlesy Cb. X. See also Frege, Grundgeseize, vol. 2, pp. 253 ff. 
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of these matrices, as seen in the case of e x) \ the assumption 
of a “class of all entities x such that ...” leads to contradiction. 
There is no class w such that 

(at) (jv e «; . = € ^))5 

nor any such that 

(^) (jv € a; . = (y) ~ (a: € y ■ y € :v)), 
nor any such that 

{p^{x €zu (y)( 2 i) ~(;c6y.y€Z.a6 ;c)), 

and so on. This is apparent from the metatheorem *181, below, 
according to which the statements: 

(w) (x)(x € ZO (x € x))y 

(w) (x)(x €W (y) ^ (x ey n y e ;t)), 

(zv) ^ (x)(x € zv (y)(z) (x € y , y € z . z e x)), 

etc. are all theorems. 

It is convenient for purposes of future reference to prove a 
somewhat more complicated metatheorem *180 first and then 
derive *181 from it. In the proof of *180 a new sort of abbrevi- 
ation is used, involving the letters ‘L' and ‘R’. The notation 
^Ll80’ stands as an abbreviation for the matter: 

(oi){a € . </> . ( 71 ) . . . (7n) ~ (a 6 7l • 7l € 72 7 n € «)) 

which appears to the left of the main connective in the expression 
for which ‘180’ stands. Similarly ‘R4’ stands as an abbreviation 
for the matter: 

e 72 7„ € a . a € / 3 ) 

which appears to the right of the main- connective in the expression 
for which ‘4’ stands. ‘Ll’ and ‘R6’ are analogous. 

*180. If a, jS, 7 i, . . . , 7n are distinct, aiid 0’ is like <j> except for 
containing free occurrences of jS wherever contains free occurrences 
of a, then 

[- ^(Q:)(a e . 0 . ( 71 ) • . - (7n) (a € 71 • 7i e 72 7n e a:)) 

3 0'"’. 

Proof. Case 1: n = 0. By *104 {& hp 2 ), 

1- ^{a){a c - 0 . (a € a)) D I j8 6 ^ . 0' . ^(fi ejS)"* 

D - 0'T 


*100 
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Case 2 : K > 0. 

*116 |- '“(71) . . . (y„) ~ (a « 7i y„t a) 

D (at € a)''. (1) 

*104 (& hp 1) 1-T(7.)1 D.]L1 D ~(Q;6/3./8e72 7,, 6a)''.(2) 

*100 h ‘‘'Ji' ■ LI (3> 

*110|-''(a)(ar€p.3 Ll)D:aei3.D Lr 

*100 D. [2 D] ~(/8 € 72 y„ta.at (4) 

*121 |-'‘L1H0D. Ll)[= («)3P 

(4), *117 (& hp 1) D (72) . . . (7,.)(a) R4^ (0) 

*171 (& hp 1) 

h T5 =.] L180 3 (7,) . . . (7,,) (/3 e 7i . 7i e 72 y„t 0)1 (6) 

*104 (& hp 1) |- ''R6 D (72) . . . (7r.) ~ (j3 « jS . )3 £ 72 7» « |9)'' 

*104 (& hp 1) D (y,)...(y„) ~ y„tfip 

*104 i) - (/S£/3.|8£i3 ^t$)^ 

*100 (7) 

*104 (&hp) |-''L18OD:^6(S.=.0'.R6'' 

*100 D:[7 D.3R6D ~ (8) 

*100 I- TS 2)- 6 3] 180'’. 

*181. If O', |S, 7i, . . . , 7„ are distinct, 

- '’~(o:)(o; £ 0 (71) . . . (7,,) (a £ 7i • 7i « 72 7>i « a))^- 

Proof. *100 \-^ a t a .3. a t ce"'. ( 1) 


"180 (& hp) |-''(a)(Q: £/3 .s. [1 .] (7,) . . . (7,,) (aey 

.7«e«))3 -(j8e/3.3.0£i8)^ (2) 

'100 h '■[2 3] isr. 

We are thus forced to recognize that the idiom ‘the class of all 
■ntities x such that . . . ’ cannot in general be trusted to express a 
lass, common sense to the contrary notwithstanding. We must 
estrict this idiom in one way or another. There are a number of 
?ays; we may revise the phrase ‘all entities .v’, or we may restrict 
he matrix which follows ‘such that’, or we may do both. The 
.rst of these courses, adopted by von Neumann,’ seems to recom- 
lend itself above the others. Under this procedure the realm of 


* “ Eine Axiomatisierung.” For historical remarks see below, § 29 
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entities which can be formed into classes is narrowed somewhat, 
by deciding that certain classes are incapable of being members of 
classes. The idiom ‘the class of all entities x such that’ is then 
revised to read ‘the class of all memhership^eligible entities x such 
that . . 

For brevity let us refer to “membership-eligible” entities here- 
after as elements. An element is thus to be understood simply as 
the sort of entity that belongs to classes; *x is an element’ can be 
rendered symbolically ‘ (3y) {x e y) ’. Observe now how our revised 
idiom, ‘the class of all elements x such that . . . *, fares in connection 
with Russell’s matrix ^ exY . Where w is the class of all 
elements x such that '^{x t x)y we are not called upon to equate 
*x€W^ with ^'^{x € x) \ Rather, ^x €w* means that x is an element 
and '^{x e x); symbolically, 

(3y) {x ey) , '^{x € x). 

Instead of having ^{x){x€W.= ^{x€x))\ and the self-contra- 
dictory consequence ‘w ew ^ (a; €«;)’, we have merely: 

{x){x€W .s. (3y)(Ar ey) . {x€x))^ 

whose consequence: 

w €W (3y) {w €y) , ip e w), 

far from being self-contradictory, is equivalent to: 

~ OyXwey) 

and thus tells us merely that w itself is not an element. 

The status of element must be withheld not only from the class 
w of all elements x such that ^ix^x)^ but also from the class of all 
elements x such that (y) (;r c y - y e and from the class of all 

elements x such that (y)(z) (a: € y . y e z . z e 5f), and so on. 

The theorems to this effect, viz. the closures of; 

ix)ix tw ily)ixey) - '~(A:€Ar))D '^(3y)(tt' € y), 

ix)ix etv i3y)(x€y) - (y) (x ey . y ex))"!) ^(3y)(a^€y), 

ix)ix e w .s. (3y)(:r e y) . (y)(z) '■^^(xey.yez.ze ;r))D 

^(3y)(w€y), 

etc., are all provided by *180 (4> and being taken as '”(3$) 
(a €5)’’ and ^(35)(jS€^)'’b The question of determining what 
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entities are to be rated as elements will be dealt with later (§28); 
for the present, suffice it to say that the only entities which will 
not be elements are certain queer classes such as the ones just now 
noted. 

The prefix ‘the class of all elements x such that* will be rendered 
symbolically ‘x*; thus the class w discussed above is (:v € x).^ 
The forming of class names by such prefixes will be called ab- 
straction; and the result, e.g. {x e x)* or in general 

will be called an abstract. Seeking now to define the notation 
on the basis of our primitive notation, we encounter the 
following difficulty. Our primitive notation comprises machinery 
for the construction solely of statements and statement matrices — 
atomic matrices € /S)'', quantifications joint denials 

^{<i> i and an abstract cannot be construed as an abbre- 
viation of any expression of this sort, since it is supposed to be- 
have rather as a noun. The way out of this difficulty is suggested, 
however, by reflecting on fragmentary expressions such as ‘s’, 
‘3*, O By no means identifiable with statements or state- 
ment matrices, these expressions have none the less been introduced 
by definitions; they have been defined in context. They are 
fragments of expressions ^(<l> ^ and D which have 
been defined entire as abbreviations of appropriate formulae. Now 
the same- sort of contextual definition is available for abstracts. 
Turning our attention to such contexts of '”<$</>'' as are appropriately 
identifiable with formulae, we can frame suitable definitions of these 
contexts as wholes. By adopting such definitions in sufficient 
variety, we can account for the occurrence of in statement 
contexts of every desired kind. 

One definition is wanted, e.g., explaining contexts of the form 
’’jS € contexts affirming membership in the class which 
describes. Other definitions are wanted explaining other contexts; 
but let us postpone them (to § 26) and deal with this first case. 
We want to define e 6i<tP in such way that, where \ x ...* is 
thought of as any formula involving ^x\ the whole: 

(1) y €x(. . .X .. .) 

1 This notation was adapted fronm Frege by Russell. But my reference to 
elementhood, in interpreting the notation, is a departure. Cf. § 29. 



133 


§24 ABSTRACTION 

will agree in meaning with the words: 

(2) y is a member of the class of all elements x such that . . . at . . .. 
This requirement proves to be met by the definition: 

D9. for '■(37)(^€T.(a)(a€7.D<#>)r 

(7 being any new variable). D9 explains (1) as an abbreviation of: 

(3) (3z)(y 6 z. (a:)(a:€ 2 .D x . . 

whose equivalence with (2) is easily seen. Where z is the class of all 
elements x such that ^ , clearly 

{x){x € z -D. ... X ... ); 

hence (3) is true when (2) is. Conversely, since (3) says that y is a 
member of a class all of whose members are entities x such that 
. . . a: . . . , we can conclude from (3) both that y is an element (be- 
ing a member of a class) and that y is one of the entities x such 
that ... a: ... ; hence (2) is true when (3) is. 

D9 has the peculiarity of imposing like abbreviations upon unlike 
formulae; e.g., the formulae: 

(3z)(y € % . {x){,x fZ.D.xe x}), 

(Izo ) (y ezu . {x)(x €ZO ^O^x ex)) 

both become e x(x e x)\ But such formulae will always be 
alphabetic variants of one another, and hence interchangeable in 
view of *171 (and *123). Shift from one choice of 7 to another, in 
expanding e di<p by D9, amounts merely to relettering the 
expanded form by *171 — so long as 7 is kept distinct from a, i3, 
and the variables of <l>. 

The formulae and in particular the axioms of quantification and 
the theorems are, properly speaking, composed of the primitive 
notation without definitional abbreviations (cf. § 13). When a 
definitionally abbreviated expression is said to be a theorem, what 
is properly meant is rather that it is an abbreviation of a theorem. 
In all discourse about theorems, defined notations are imagined 
expanded into primitive notation. Hence caution is needed in 
adopting definitions which impose like abbreviations upon primi- 
tively unlike formulae. If a definition of that kind happened 
to cause some theorem ^ and some non-theorem x to be abbre- 
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viated alike, fallacy would result; by merely abbreviating ^ 
according to the definition, and then expanding the result accord- 
ing to the definition, one would reason from the fact that ^ is a 
theorem to the false conclusion that x is a theorem. However, 
*171 has shown that D9 (with 7 understood as distinct from a, jS, 
and the variables of <^) is not capable of thus blurring the distinction 
between theorems and non-theorems. Adoption of such a defini- 
tion as D9 amounts to tacit use of *171. 

Definitions which impose like abbreviations upon primitively 
unlike formulae will never obtrude themselves hereafter except in 
cases similar to D9: cases where a bound variable appears in the 
unabbreviated rendering and disappears in the abbreviation. But 
definitions of just this sort will turn up so frequently that it is 
simplest not to stop each time for an arbitrary alphabetical stipu- 
lation of the odd variable; rather it will merely be understood, 
as in the case of D9, that the variable is not to be so chosen as to 
conflict with the others at hand. The puristic reader can still, if 
he prefers, reconstrue all such definitions arbitrarily as calling for 
the alphabetically earliest variable other than those at hand; for 
he can always rewrite his variable afterward at will by *171. 


§ 25 . Identity 

WE TURN now to the problem of so defining = y\ in terms of 
and our other primitives, that it will carry the intended sense 
*x and y are the same object \ In the trivial case where y is not a 
class, indeed, xeyii and only if a: = y in this sense (cf. § 22) ; but 
our problem remains, since ^X€y* diverges in meaning from 
« yMn case y is a class. We must find a formula, composed of 
^x* and 'y ' by means of and our other primitives, which will be 
true just in case x and y are the same object — whether a class or 
a non-class. 

The requirement is met by: 

(1) {z){zex n^,%€y) 

when X and y are classes, since classes are the same when their 
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members are the same (cf. § 22). Moreover, (1) continues to meet 
the requirement when x and 3? are not classes. For, in this case 
‘s e a:’ and ‘s € 3’ identify z with x and with y; and (1) as a ’whole 
then says that whatever is the same as x is the same as y, thus 
identifying x and y. Both where x and y are classes and where they 
are not, therefore, (1) meets our requirements; (1) is true if and 
only if X and y are the same. We are thus led to introduce y* 
as an abbreviation of (1). 

This definition of ‘ ’ has one rather curious but harmless result: 

where x is not a class, we do not have over and above x any class 
whose sole member is x. What would appear to be the class whose 
sole member is x reduces to the non-class x itself. For, suppose x 
is a non-class and y is the class whose sole member is x. Then zey 
if and only if z is x. But also, according to the interpretation of 
‘z € X* adopted for the case where x is not a class, z ex if and only if 
z is X. Hence (1) is true; i.e., according to our definition, x y. 

This result — suppression of the class of a single non-class in 
favor of the non-class itself — may just as well be conceived in 
reverse fashion as an assimilation of non-classes to classes. What 
was regarded as a non-class becomes reconstrued as a special sort 
of class, viz. a class having itself as sole member. If we think of the 
matter in this way, we must of course abandon the term *non-. 
class’ in favor of a more neutral designation — say ‘individuaT. 
Everything comes now to be thought of as a class, but individuals 
are distinguished from other classes by the peculiar circumstance 
of being their own sole members. This way of phrasing the situ- 
ation is more convenient than the other, for it enables us to give 
^x ey’ always the uniform reading ^x is a member of the class y\ 
Note, in any case, that we are far from identifying every object x 
with the class whose sole member is this happens only if x is an 
individual. From a formal standpoint, actually, there is no need 
of assuming that there is any such x at all (cf. § 22). 

Variables and abstracts will be spoken of collectively as terms. 
Now let us supplement our Greek-letter conventions to this extent: 
just as we use and W to refer to any formulae, and ‘a*, 

‘jS’, 'y\ and '5’ to refer to any variables, so let us use ‘f % ‘17’, and 
‘0’ (along with their accented and subscripted variants) to refer 
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in general to any terms. With help of this convention we can ex- 
press the general definition of identity as follows, for application to 
variables and abstracts indifferently: 

DIO. = 7?)’^ Jot ^{a) (a € f « e ?7)\ 

The notation e f”* here is either primitive or explained by D9, 

according as f is a variable or an abstract; and similarly for 
The choice of a follows the usual understanding (§24); 
it may be any variable other than the ones in f and rj. The pa- 
rentheses in '"(f =7))*^ record the fact that ‘ ^ like all binary 

connectives, is to be construed as carrying with it a pair of pa- 
rentheses.^ 

It is more common to define * Tp as e a . s , 17 e a)"* or '"(a)(f e a .D. 

Tjea)'^. Both of these versions are given by Peirce (3.398, 400) and one or the 
other is rather hinted by Leibniz (Lewis, Survey^ p. 373); but they cease ro be 
available once non-elements are recognized (cf. § 32). DIO, as a definition of class 
identity, was stated in effect by Peirce (3.47) and in its present form by Fraenkel 
{EinUitungy 3d ed., p. 272). Its availability as a general definition of identity 
turns on the special way in which I have dealt with individuals. 

My treatment of individuals is reminiscent of the days before Frege and Peano 
urged the importance of distinguishing between an object and its unit classy i.e. 
the class which has that object as sole member (cf. §35). Commonly the dis- 
tinction in question is indeed vital. We must distinguish between the null class 
(§ 26) and its unit class, for the former has no members while the latter has one; 
and we must distinguish between the class of Apostles and its unit class, for Peter 
belongs to the one class and not to the other. Bur the arguments which show that 
the distinction must commonly be made do not militate against the identification, 
in particular, of individuals with their unit classes (and hence with the unit classes 
of their unit classes and so on). Within the domain of individuals, retention of the 
pre-Fregean attitude leads to no trouble. 

Though I have been led to this course by considerations only of technical effi- 
cacy, a certain naturalness may be argued for it on the basis of such illustrations 
as the following. Let us think of points as individuals, and of lines and planes as 
classes of points. Then the intersection or logical product (§ 33) of two planes is a 
line; but, if we distinguish individuals from their unit classes, the intersection of 
two lines is only the unit class of a point and not a point. Again, whereas a line 
in a given plane is related to the plane by inclusion (§ 34), a point in a given line 
is not related to the line by inclusion if we distinguish individuals'from their unit 

^ In the matter of parentheses, is like the parentheses are adopted with 
an eye to later definitions. See p. 124, footnote. 
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classes; the point is rather a member of the line, while the unit class of the point 
is included in the line. Under the proposed theory, on the other hand, intersections 
of lines are points, and points bear to lines the same inclusion relation which lines 
bear to planes. (This illustration is due to Miss L. D. Steinhardt.) 

The usual compact way of denying identity is adopted in the 
following definition. 

Dll. for 

We proceed to three theorems. 

tl82. {x) x^x Proof: *100 (& DlO). 

tl83. W(y) X = y . = . y = x Proof: *100, *123 (& DlO). 
tl84. (5f)(y)(z) X - y 3:x ^ z.^.y = z Proof: *121 (& DlO). 

In stating theorems it is convenient to leave a space between the 
initial group of universal quantifiers and the matrix which they 
govern, on the understanding that those quantifiers are to cover 
the matrix in its entirety. The theorem is thus the closure of this 
segregated matrix; tIS2~tlS4 are: 

{x)(x = x), 

(x)(y)(x = y .s.y = x), 

(x)(y)(z)(x = y D:x ^ z .=. y = z). 

The fact that f 182- 1184 are theorems, rather than metatheo- 
rems, is given recognition by attaching a dagger ‘f’ rather than a 
star to the numerals. Apart from the distinguishing stars and 
daggers, the numerical designations of metatheorems and theorems 
run along together in a single increasing sequence; first we have 
metatheorems (*100-*181), then some theorems (tl82-tl85), 
then more metatheorems (*186-* 188), and so on. 

The proofs of tl82-tl84, indicated above, call for little com- 
ment. tI82 is an abbreviation, by DlO, of: 

(x)(y)(yfx.=.y€x), 

which is the closure of a tautologous matrix ^<l> = <tP; and *100 
says that closures of such matrices are theorems. 1183 is an 
abbreviation, by DlO, of: 

(x)(y)(( 2 ;)(z€A;. = . 2 ;cy) s (z)( z ey z € x)), 
which is the closure of a matrix ^(a)0 s (a)^'' such that ^<l> = 
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is tautologous; and *100 and *123 say that closures of such 
matrices are theorems. is an abbreviation, by DlO, of: 

(x){y)(z) 

{(w) {tu € X u = ^ w e y)3« (zu){zv e X w e z) ^ {zo){w .^.zo e z)), 

which is the closure of a matrix ^ of the kind 

described in *121. 

tl82 and 1183 are known respectively as the principles of the 
reflexivity and commutativity (or symmetry) of identity, by a 
natural extension of the notions of reflexivity and commutativity 
which were applied to statement composition (§11).^ The fol- 
lowing, by a similar extension, is called the principle of the tran- 
sitivity of identity : 

(^)(.7)W X ^ y .y ^ zD.x ^ z. 

1184 is a stronger form of this principle. 

The proof of the next theorem is more elaborate. It illustrates 
the notation which will be used hereafter in proofs of theorems, as 
distinct from metatheorems. 


tl86. (x){y) 

y €x (3z) (y € z . z = x) 


Proof. *110 (& DIO) 

z = X .Dly €Z y e X 

(1) 

*100, *163 

(3z)([l y € z . z == x)D» y e x 

(2) 

*134 

y 6 a; [. 182] .3 (3z)(y e z . z = at) 

(3) 

*100 

[2 . 3 .3] 185 



The expressions which occupy the several lines in the proof of a 
theorem are not in general theorems themselves but rather formulae 
whose closures are theorems. The references at the left of the line 
substantiate the fact that the closure of the exhibited formula is a 


^ The above instance suggests this simple formulation of reflexivity as applied 
to predicates: a reflexive predicate is one whose insertion in the blank of ‘ (.\)(.v a)’ 
yields a truth. Such reflexivity may be called total refleskity (cf. Carnap, .-Jbrissy p. 
40); for the term ‘reflexive’ is also commonly applied, more broadly, to any predi- 
cate whose insertion in the three blanks of: 

ix)(yKx y.V.y xO.x x) 

yields a truth. Note that the notion of reflexivity as applied to statement com- 
position (§ 11) can be broadened in analogous fashion; conjunction then comes to 
be classed as reflexive, though not totally reflexive. 
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theorem. Thus, in the first line of the above proof we cite *110 
(and DlO) to show that 

[-'z - X y € z y e x\ 
i.e., to show that the closure: 

WGOW z == X ,D:y ez .s. v € x 

is a theorem. The numeral at the right of a line serves, in its 
unparenthesized recurrences, as an abbreviation of the formula 
appearing in that line (minus any bracketed matter); thus ‘T in 
the second line of the proof is an abbreviation of : 

z ^ X .D:y -s. y 6 X, 
and ‘2* in the last line is an abbreviation of: 

(3z) (y ez.z == x)'D.y ex. 

Brackets indicate use of *124, as hitherto; having shown e.g. that 
the closure of the matrix which ‘1’ abbreviates is a theorem, we 
bracket ‘1 out of the second line of the proof on the strength of 
*124. Divorced of its dagger, the numeral of a theorem serves as 
an abbreviation of the theorem minus such Initial quantifiers as are 
spaced off to the left; thus ^182* and ^185’ are abbreviations of 
the respective matrices: 

X = X, y ex .= {3z){y ez.z = x), 

whose closures are the theorems tl82 and tl85. 

The combination of *100 and *16J5, as In the second line of the 
above proof, is one which will appear frequently hereafter. In 
such a step of proof we observe first that the whole line minus the 
existential quantifier, in this case: 

1 . y € z . s = X .DnV e Xy 

is tautologous; then we introduce the quantifier on the strength of 
*163, noting that the variable of quantification Is not free in the 
consequent. The number of quantifiers thus introduced need not 
be limited to one; in general, *100 and *163 show that 

K(3ai) . . . (3c.„)0 3 r 

where 3 iP is tautologous and ai are not free in yp. 



140 


TERMS 


§26 

Combination of *100 with *117 will also be common; in such cases 
the added quantifiers are universal rather than existential, and 
apply to the consequent rather than the antecedent. 


§ 26 . Abstraction Resumed 

LET US now return to the tasx of defining abstracts in con- 
text. D9 provides for all contexts in which the abstract follows an 
occurrence of which is preceded by a variable. But now we 
must provide for contexts in which the abstract precedes an oc- 
currence of ‘a’ which is followed by a variable; and also we must 
provide for contexts in which abstracts stand on both sides of ‘e’. 
These two cases can be lumped together: our problem is to define 
expressions of the form e where f is a variable or an ab- 
stract. Now that DlO is at hand, explaining ‘ ' in application to 

variables and abstracts alike, our problem is easily solved: 

D12. for ^(3/5) 0 6 f)\ 

The notation ^0 6 here is either primitive or explained by D9, 
according as f is a variable or an abstract. The choice of 0 follows 
the usual understanding; it may be any variable other than a and 
the ones in and f . 

The notation ''f € rp is now generally accounted for, no matter 
what terms f and may be. If f and rj are variables, '"f e is 
primitive; if f is a variable and n an abstract, 6 is explained by 
D9; and if f is an abstract, e is explained by D12. Two minor 
conventions of abbreviation will now be added. 

D13. for 

D14, ^(fi, Tsj - • • J Tn € ijp for ^(fi 6 77 . f 2 e t; 

Just as 6 0"^ and ^0 e are atomic contexts of a, so we may 
speak of *'<$0 € rp and ^rj e d<lP as quasi-atomic contexts of 
More generally, a quasi-atomic context of a term f is any result of 
putting f for one variable and perhaps other terms for other vari- 
ables in an atomic matrix. Now D9 and Dl2 explain all those 
quasi-atomic contexts of which correspond to logical atomic 
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matrices « /S'*; for D9 explains e d<iP and Dl2 explains 
^d4> € up and ‘’7^ 6 6i4>^, But extra-mathematical discourse would 
involve atomic matrices of other forms than ^ot € i3'‘> and would 
thus call for definition of ^6L(tP in supplementary quasi-atomic 
contexts. All such definitions can follow the pattern of Dl2; 
corresponding to an atomic matrix ft ft . . . ft\ in general, we 
can introduce quasi-atomic contexts by a sequence of n definitions 
as follows: 

T>ai, '"/i ft ft . . . ft -2 ft-i oc<tP for ^(3ft)(ft = M ft ft • - - 
Dfl2. M ft ft • • • ^n-2 d<fi fn"* fOT '”(3j8n-l) (ft-l = . /i jSi ft . . . 

ft -2 ft -1 


D^n- f2 • • • ?n-2 fn-1 fn"* fOT ^(3ft)(iSl = « M ft ^2 • • • 

^71-2 Tn)"'* 

Since from the standpoint of primitive notation any free occur- 
rence of a variable has an atomic matrix as its immediate context, 
our definitions of the quasi-atomic contexts of explain ab- 
stracts in all manners of occurrence which are available to free 
variables. Definitions which abbreviate contexts of free variables 
can then be so framed as to apply at the same time to abstracts, as 
already observed in the case of DlO, Dll, D13, and Dl4. All 
occurrences of an abstract will turn out to stand in quasi-atomic 
contexts when the overlying definitional abbreviations as of DlO, 
Dll, Dl3, Dl4, etc. are resolved. 

An occurrence of in any quasi-atomic context, comes to 
have an immediate context of one or other of the forms '’7 c d<l>^ 
and when overlying abbreviations are resolved; this is 

clear from D12 and Furthermore, '"/S =* d<l>^ in turn is 

short for 

^(7)(7€/3 .^.y€d<t>P 

where the immediate context of is again of the form 

^7 € d<l>^. The latter is thus the fundamental sort of context for 
abstracts; every occurrence of ^dfp, in any quasi-atomic context 
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and therefore in any context whatever, comes to have an immediate 
context ^7 € dc<l>^ on definitional expansion. Once e d<tP is 
expanded in turn, by D9, the abstract disappears altogether. 

Inspection of D9 shows that all free occurrences of variables in (j> 
remain free in ^7 e except for occurrences of a; but that all 
occurrences of a in 0 are bound in ^7 c dcjP, Moreover, this is 
true not only in the case of ^y e d(p but in the case of any other 
quasi-atomic context \// of ^di<tP as well; for we have noted that the 
expansion of ^ by D12 or Dai-dn (and DIO) will merely give us 
^7 e d<l>^ again within a broader context, and by the general con- 
vention governing the choice of extra variables in definitions we 
are assured that the quantifiers of this broader context will not in- 
volve variables of <^. In all contexts, therefore, an abstraction 
prefix operates in the same way as a quantifier '"(o;)"' so far 
as bondage and freedom are concerned. 

When we speak about a formula, we are ordinarily to think of it 
as written out in full primitive notation (cf. § 13). But it is some- 
times convenient to speak of occurrences of an abstract ^dcb^ in a 
formula \l/; and this usage does compel us to think of ^ as tem- 
porarily subject to definitional abbreviations, to the extent of 
accommodating the occurrences of ^dcj)'^ in question. The abbre- 
viations thus imagined in \f/ are still conveniently limited to quasi- 
atomic contexts of ^d<l>^. Insofar as a formula ^ is discussed from 
this point of view, questions of bondage and freedom call for ex- 
plicit consideration of abstraction prefixes along with quantifiers. 
As an adjunct of discourse about occurrences of abstracts, ac- 
cordingly, the following practical elaboration of the terminology of 
of § 14 is needed. A given occurrence of a is bound to a given 
occurrence of ^(a)'^ or ^d"^ if it stands in a formula or abstract 
beginning with the given occurrence of ^(a)"* or ^d'^ and stands in 
no formula or abstract beginning with a later occurrence of ^(a)'' 
or An occurrence of a formula or term v is bound in a formula 
or term ju with respect to a if within that occurrence of v there is an 
occurrence of a which is bound to an occurrence of ‘"(a;)’* or ^ d~^ 
lying in /x but outside v. An occurrence of v is bound in fx if it is 
bound in /x with respect to at least one variable; and v is bound 
in M if an occurrence of p is bound in ju. An occurrence of v in )ix 
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is free in /x if it is not bound in fi; and v is free in fi if an occurrence 
of V is free in /x. Clearly an occurrence of x will be bound in ^ 
with respect to a, in the sense of the present paragraph, if and only 
if the corresponding occurrence or occurrences of x in the primi- 
tive expansion of i// are bound with respect to a in the sense of 
§ 14; and the rest of the terminology of the present paragraph 
meshes with that of § 14 in similar fashion. 

The following analogues of *121-*123 are typical of the meta- 
theorems which involve use of this extended terminology. 

*186. If r\ is like rj except for containhig <#>' at some places zvhere rj 
contains p, and ai, , . , otn exhaust the variables with respect to which 
those occurrences of <#> and p' are bound vi rj a7id 77 ', then 

1- '"(ai) . . . (an)((l> = 0') 

Proof: * 121 , *117 (& DlO). 

*187. If r\ is like rj except for containing free occurreiices of p' at 
some places where rj co7itains free occurrences of 0 , then 

h ^ 0' .3. 7 ? = 

Proof: *186 (taking n as 0 ). 

*188. If ^ and 17 ' is formed from rj by putting <t>' for some 
occurrences of p, then |" ^77 = 77 '"’. 

Proof from *186 like that of *123 from * 121 . 

But it must be borne in mind that the theorems provided by 
such metatheorems as *186-*188 are still to be thought of finally 
as in full primitive notation. *187, e.g., amounts properly to the 
following: If 77 ' is like 77 except for containing free occurrences of 0 ' 
at some places where 77 contains free occurrences of 0 , then the 
formula '(in primitive notation) which the definitions abbreviate as 
*"0 = 0 ' .D. 77 - 77 '"' is one whose closure is a theorem. 

The following theorem shows that ‘y’ cancels ‘y e'; every entity 
is the class of all those elements which are its members. 

tl89. (x) X == y(y c x) 

Proof . *100 yexJD.yex (1) 

*134 s € [. (y)l] .3 (3a^)(z € w . (y)(y ew D. ye x)) ( 2 ) 

*104 (y)(v € ^ -3. y € x)Dlz e w .3. zex (3) 
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*100, *163 (3zc/)(C3 .']z€W n {y)(yezu,D. y€x))D, zex (4) 

*140 (& D5, 9, 10) 189 [s, (z )2 . (2)4] 

The following two definitions introduce abbreviations for two 
particularly important abstracts. 

D16. *V^for^x(x ^x)\ 

DIG. ^yfor^x(x 9 ^x)\ 

V is, by definition, the class of all those elements which are 
self-identical; i.e., since everything is self-identical (tl82), V is 
simply the class of all elements. We have in ‘xeY* a new brief 
notation for ‘a: is an element’. V is the most inclusive of all 
classes; whatever is a member of anything is a member of V. 

tl90. W(y) xeyuD.xeV 
Proof. *IQ0 [\%2 ,~]x ^y X ^ X (1) 

*135 (& D9, 15) xeyl. (a:)!] .3. e V 

flSl. W(y) X € y X eV . X € y 

Proof. *100 [190 D]191 

A is defined as the class of all those elements which are not self- 
identical; hence it is the memberless class, the so-called null class. 

tl92. (x) X e A 

Proof. *110 (x)(x ey .D. X 7 ^ x)D lx ey ,D, x x (1) 

*100 [1 . 182 -D] (jc e y . {x){x e y .3. x 5^ x)) (2) 

*131 (& D9, 16) 192 [= (y)2] 

Citation of the trivial definitions Dll and Dl3 will ordinarily be 
omitted, as in the above proof. Similarly for Dl4, D6, and D7. 

Any matrix which is true for all values of would have served 
the purpose of ^x ^ x' in Dl5; and any matrix false for all values 
of *x' would have served the purpose of 'x 7 ^ x^ in DI6. This 
is established in the following metatheorems.^ 

*193. 

Proof. *104 |- ^[(a:) 182 3.] a ^ cP. (1) 

*186 h "(a)(<^> [= 1])3- = 6 .{a - clY 

*171 (&D15) 

‘ Comments relevant to these metatheorems occur later in connection with 
•249 and *250 (§ 32). 
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* 194 . 

Proof. *104 h D.] a = a"’. (1) 

*186 I” |^= ll)^- ^ ~ d(a ^ a)"' 

*171 (&D16) D.($— 

*100, *123 D.^$(^>=AA 

In the above proofs, *171 is used as if the biconditional ^4> s 
thereof were a mere conditional D In the last step of the 
proof of *194, again, *123 is used as if the thereof were 

3 This procedure involves tacit application of *100, of 
such kihd as to weaken the biconditional to a conditional. Ellipsis 
of this sort will be common hereafter; a biconditional ^<t> = 
whose closure is cited as a theorem will be subject to any of the 
variant readings D and ^\(/ D (p at convenience. 

But this innovation applies only to citations by starred and 
daggered numerals; divorced of its star or dagger and used as an 
abbreviation, the numeral continues to stand for just the one ex- 
pression for which it has hitherto stood. 

In precisely the sense in which D9 and Dl2 constitute contextual definitions of 
Dl-5 may be said to constitute contextual definitions of ‘V’, O * 

and‘ = *; likewise D8 of ‘3’, and DlO of The special subtlety of D9 and D12 
is merely this: they endow with contexts notationally similar to contexts 
primitively accessible to variables, thus enabling us to handle as a term 
(unlike ‘ ^ *3 ’> ***’» etc.). Such contextual definition of terms was initiated 
by Russell (1905, 1908) in his introduction of descriptions (§ 27); I have preferred 
to apply the method to abstracts, however, and then e.xplain descriptions as direct 
abbreviations of certain abstracts. (Russell’s theory of classes also proceeds by 
contextual definition, but in a fashion irrelevant to present concerns; cf. footnote 
to § 22.) Russell’s method of contextual definition differs in detail from that ex- 
hibited above, and is more complex; it depends, for the avoidance of certain 
ambiguities which would otherwise arise, upon use of an auxiliary scheme of pre- 
fixes (cf. Principidt *14). The fact that Russell is concerned with descriptions 
rather than abstracts is not responsible for those complications; in “New Founda- 
tions,” D9-10, I have defined description along lines similar to the above con- 
textual definitions of abstraction. 

The so-called- universal and null classes V and A played a prominent role in the 
class algebra developed by Boole and his successors (§ 33). The signs ‘V’ and ‘A* 
are Peano’s. But the present use of ‘V’ as a means of affirming elementhood is 


new. 
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§ 27 . Descriptions and Names 

WHEREAS the prefix ‘.v’ corresponds to the words ‘the class of 
all elements x such that*, the prefix ‘( 7 ^)* is to correspond rather 
to the words ‘the one and only object (entity) x such that*. This 
idiom ‘ {ix) { , , . x . , \ i.e. : 

(1) the object x such that ... x , 

is known as description. It has now to be defined. 

Actually, the meaning of a description is not always clear under 
ordinary usage. The meaning of the description ‘(?:v)(x is capital 
of France)*, or ‘the object x such that x is capital of France*, or 
briefly ‘the capital of France’, is clear enough; this description is a 
complex name which designates the city of Paris. Again the 
meaning of ‘( 7 ^) (5 = 9)’ is clear; this description designates 

the number 4. But what of the descriptions ^ {’ix){9 > x)\ 
^ {'ix){x 9 ^ x)\ ‘(7:t) (Jones loves at)*? We cannot say that ‘(?a:) 
(9 > a:) ’ designates the number less than 9, for there are many 
such numbers. We cannot say that ^{ix){x 9 ^ x)* designates the 
object which is distinct from itself, for there is no such thing. We 
cannot say that ‘(ia;) (J ones loves x)* designates the person loved 
by Jones, for we do not know whether there is such a person; 
Jones may love several, or none at all. Ordinary usage gives us 
no clue as to the meaning of such descriptions, since use of the 
idiom (1) is ordinarily limited to cases where one and only one ob- 
ject is believed to satisfy the condition ' . . . x . . .\ Everyday use 
of descriptions is indeed often elliptical, essential parts of the con- 
dition *. . . :v . . .* being left understood; thus we may say simply 
‘the yellow house* (i.e. * (i;c)(jv: c yellow . x e house) ’) when what 
is to be understood is rather ‘the yellow house in the third block 
of Lee Street, Tulsa.’ But when in ‘. . . . . .* there is nothing 

either expressed or tacitly understood which is adequate to deter- 
mining the object a: (to the best of the speaker’s belief), the idiom 
(1) is not ordinarily used. 

Does this mean that we should reject the notation as 

meaningless in those cases where <t> is satisfied by no object or by 
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many, rather than by exactly one? This would fit ordinary usage 
of the idiom (1), but from the standpoint of logical analysis such a 
formulation is awkward. It is awkward, in general, to let ques- 
tions of meaningfulness or meaninglessness rest upon casual 
matters of fact which are not open to any systematic and conclu- 
sive method of decision. We may never know whether Jones loves 
none, one, or many; and it is best not to have to wait for that 
information in order to decide whether to accord the expression 
(Jones loves x)* a place in our language. The truth or false- 
hood of statements must indeed wait, in general, upon inquiries 
which lack any systematic and conclusive technique; but the 
mea^iingjulness of an expression — the eligibility of an expression 
to occur in statements at all, true or false — is a matter over which 
we can profitably maintain control. Let us then so define ^{ia)4r 
as to provide for its significant use regardless of the number of 
objects happening to satisfy the condition <^>. In accordance with 
(1) we want (7;v)(. . . . . .) to be the sole object .v such that 
... ... so long as there is such an object; but in the remaining 
cases we may construe (ix)(. . . a : . . .) in any arbitrary fashion that 
proves convenient — let us say as A — since ordinary usage affords 
no preconceptions regarding such cases. 

It will be found shortly (*196, *197) that such a version of (7^1:) 
(. . . AT . . . ) is achieved by the following definition. 

D17. for ey . {oi){a = 7. s <j)))~^. 

The choice of jS and 7 in D17 is subject to the obvious convention: 
they are to be distinct from each .other, from a, and from the 
variables of <^. 

Just as the prefix ‘y’ cancels \v e’ (cf. tl89), so the prefix ‘(nj* 
cancels ‘y = This is shown in the following theorem. 


tl96. (.v) .V = (iy){y = .v) 

Proof. tl85, *123 [189 =.] = y(3s)(y ez .z = x) 

*171 [1 =-] X = a’(3s)(c4’ e s , s = .r) 

*104 l(x)lS2 D.Js - s 

*104 (y)(y = z y- a;)D : [3 =.] z == x 

*121 (& DIO), * 117 ' '2 = Ar’.D(v)(v - s.^.y - .v) 

*121 (& D5, 17) [(2)(5 . 4)D. 2 195 


( 1 ) 

( 2 ) 

( 3 ) 

(4) 

(5) 



148 TERMS §27 

The bracketing in the last line, above, can be resolved into steps 
as follows: 

(z)(5 [. 4])D. 2 ^ 195, l(z)5 D.] 2 ^ 195, [2 ^ ]195. 

The matrix -'y . x . . , according to which 

. a: , . is true of anything x just in case x is Vt constitutes a 
simple symbolic translation of the words *y is the sole object x 
such that .X Now we want (^x)(. .. x ... ) to be this 
object y, if such there be; and otherwise we want ( 7 a;)( . . . x . . .) 
to be A. I.e., the closures of; 

(x){x = y . = . . . . X . . .) D,y = ( 9 a:)( . , . . . . ) 

and: '^(3y)(Ar)(A: = y . = . . . . a: . . . ) W( ... a: ... ) = A 

are wanted as theorems. That Dl7 achieves these objectives is 
established in the following two metatheorems. 

*196. If ^ is distinct from a, 

|- '■(a!)(a = /3 .= <i>) 3. ^ 

Proof. *171 (& hp) (- '' [W195 s] (/ 3 )(^ == {ioL){a - /3))A ( 1 ) 

*110 = ( 2 ) 
*121 (^)D :[2 

*197. If jS is not a 7ior free in 

1“ ''~(3i3)(a)(a = .= <^) 3. Ga)<i> = A"’. 

Proof. Let 7 be new. 

*156 \- '’(3iS)(7 € P . (a)(a - ^ 3. 

(3«(7€^).(3/3)(a)(a = ^. ( 1 ) 

*100, *117 h 3 ( 7 )( [1 3] - Ll)^ 
*194(&Dl7&hp) 3. {ia)<t> - AA 

Since (ia:)(. . . x . . .) as of Dl7 is patently a class, whereas the 
one and only object fulfilling ' ... x .. .' may be any sort of object, 
the identification of the two will perhaps seem strange; but only 
in case the reader has lost sight of the assimilation of non-classes 
to classes (§ 25). An individual is a class, for it is identical with the 
class whereof it is sole member. Or, if the reader prefers the 
equivalent but less convenient phrasing, according to which an 
individual is neither a class nor the sole member of a class, then he 
must recognize that an abstract may in particular designate an 
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individual rather than a class; so that there is again no strangeness 
in the identification of x * . .) with an individual. In any 

case the argument in *196 is completely general, and shows that 
{'ix){. X .. .) is the one and only object x such that . . . . . . 

whenever there is such a unique object, 

Frege (Grundgesetze, vol, 1, p. 19) was the first to offer an explicit formulation 
of description. His version is equivalent to that provided by D17 except for the 
treatment of those uninteresting cases where ((> is fulfilled by more than one value 
of ot; in such cases he arbitrarily gives the sense of Still a third 

version of equivalent both to Frege’s and to D17 except for those waste 

cases, is provided by defining in the very simple fashion *'jS(3«)C/3fi a • 

but I have preferred so to frame D17 as to identify the waste cases uniformly with 
A- 

The notation somewhat different from Frege’s, was adapted from 

Peano by Russell. The sign is supposed to suggest a certain inverseness to the 
notion of unit class expressed by ‘t’ (§ 35). 

Concerning the philosophical background of description theory', the limited 
remarks of the present section may well be supplemented by reading Russell 
“On Denoting.” 

All the names we ever need, for pure logic and mathematics or 
for any other sort of discourse, are adequately provided by ab- 
straction, For, suppose there is a name, say ‘Europe’, which is 
not defined as an abbreviation of an abstract but is instead simply 
a primitive term of geography. By a trivial revision of our geo- 
graphical primitives and definitions we can reconstrue this name 
as an abstract, and in particular as a description (which is a 
special sort of abstract, by Dl7). This is accomplished as follows. 
Instead of adopting the name ‘Europe’ as primitive, we may adopt 
a primitive form of atomic matrix '*eur a"* having the following 
sense; ‘eur x\ taken as a whole, amounts to what would have been 
expressed in ordinary^ language as ‘x is Europe’. Now we can 
introduce the name ‘Europe’ by definition as an abbreviation of 
* {-ix) eur a:’; for if there is one and only one object x such that 
eur X then by *196 that object is (ix) eur x. The predicate ‘eur’ 
itself is not a name, but a fragmentary sign like ‘e’, ‘ ‘ 

it can occur only attached, in contexts of the form ^ eur ol 

There is little point, one may suppose, in avoiding primitive 
names by such artificial methods. Why is it better to adopt the 
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predicate ‘eur’, and then define ‘Europe’, than to adopt ‘Europe’ 
outright? Actually the suggested course has, despite such artifi- 
ciality, a considerable theoretical advantage; for the following 
difficulty otherwise arises in connection with the notion of exist- 
ence. 

To say, that something does not exists or that there is something 
which is not, is clearly a contradiction in terms; hence '{x)(x 
exists) ’ must be true. Moreover, we should certainly expect leave 
to put any primitive- name of our language for the ‘jv’ of any 
matrix . x . . and to infer the resulting singular statement 
from ‘0v)(. . . X . . it is difficult to contemplate any alternative 
logical rule for reasoning with names. But this rule of inference 
leads from the truth '(x)(x exists)’ not only to the true conclusion 
‘Europe exists’ but also to the controversial conclusion ‘God 
exists’ and the false conclusion ‘Pegasus exists’, if we accept 
‘Europe’, ‘God’, and ‘Pegasus’ as primitive names in our lan- 
guage. The atheist seems called upon to repudiate the very name 
‘God’, thus depriving himself of vocabulary in which to affirm his 
atheism; and those of us who disbelieve in Pegasus would seem to 
be in a similar position. 

But this difficulty is resolved by the suggested procedure of 
adopting matrices '"eur a'', ^god ’’peg a"', and then introducing 
‘Europe’, ‘God’, and ‘Pegasus’ as abbreviations of ‘( 7 ^:) eur x\ 
‘( 7 x) god x\ and ‘ ( 7 ^:) peg x\ There is no question of the exist- 
ence of these three entities; there is question only as to their na- 
ture. If there is a unique object x such that god Xj i.e. if 

(1) Oy) = y - = god x), 

then (7.v) god x is that object; and otherwise, by *197, 

(2) (tx) god X - A. 

Monotheists and atheists now need disagree only on the truth values 
of statements such as (1) and (2), not on questions of meaningful- 
ness. The artificial dodge of dispensing with primitive names in 
favor of descriptions or other abstracts is a way of maintaining 
control over questions of vocabulary independently of questions of 
fact. 
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Russell undertook to resolve the anomalies of existence by admitting the word 
‘exists* only in connection with descriptions, and explaining the whole context 
‘ (?.v)(. . . A- . . .) exists* as short for ‘ (3yK-v)(A » y .= . . . a . . .)’ (cf. his “iVlathe- 
matical Logic,” p. 253; Principia, pp. 66 fF, 174 f). This course supplies a strict 
technical meaning for Kant’s vague declaration that ‘exists’ is not a predicate; 
namely, ‘exists* is not grammatically combinable with a variable to form a matrix 
‘y exists*. Russell’s version of descriptional existence statements perhaps recom- 
mends itself still as an adjunct to the procedure which I have proposed above; 
alternatively such existence statements forfeit their usual function and fall into 
uniform triviality, since designates something (viz. A) even when ''(3^3) 

(q!)(o£ = i3 .= <^>)'’ is false. 

The difficulty which we noted earlier in connection wdth existence would have 
survived in another form even if the usage ‘(v)(a exists)’ had been proscribed at 
the start in conformity wdth Russell’s dictum. Independently of any predicate 
‘exists’, we presuppose that a noun designates something whenever we deduce a 
singular statement from a universal quantification by substituting the noun for 
the variable. The quantification makes an affirmation regarding all entities, and we 
assume that the substituted noun designates one of those entities. So long as there 
are primitive expressions whose possession of designata is undecided, the logic of 
quantification remains indeterminate. 

Names are indeed describable in general as expressions which (unlike ‘(’, ‘ J, ’, 
‘e’, ‘eur’, etc.) admit thus of substitution for variables in deriving singular state- 
ments from quantifications. Cf. my “Designation and Existence,” “Logistical 
.'\pproach.” The sort of primitive notation which I urge is free from such expres- 
sions; they enter afterward as abstracts by contextual definition, and the principle 
allowing their substitution for variables emerges as a metathtorem (*231, §31). 

Such avoidance of primitive names, in the construction not only 
of the purely logical language but also of formalized languages of 
broader scope, has incidentally the further advantage of making 
the quantification theory of Chapter II adequate for all extra- 
logical as well as purely logical applications of quantification. If 
primitive names were allowed, the quantificational axioms of the 
kind E (cf. § 15, also *104) would have to be extended to include 
statements in which names occur in place of the variable a'. But 
we have seen that such names can be avoided; languages for any 
extra-logical purposes can presumably be formed merely by 
supplementing our primitive logical notations by indefinitely 
many extra-logical predicates such as ‘eur’, ‘red’, etc. Such signs 
are of the same category as *€’; each attaches to one or more 
variables to produce an atomic formula. 

For us, in any case, all names will be abstracts. The numerals 
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‘O’, ‘T, etc., and indeed all expressions which are to behave in the 
manner of names at all, will turn out in the course of the definitions 
to be abbreviations of descriptions or other abstracts. 

Altogether we have three sorts of terms^ or substantives: there 
are variables, which are essentially pronouns (cf. § 12), and there 
are abstracts with and without free variables. Abstracts without 
free variables, e.g. ^x{x€x)\ ^x{xlx)\ ^x{x (or ^V'), and 
*x{x 9^ xY (or ‘A’), are names of definite classes. But abstracts 
with free variables, e.g, 'x{y€xy and "x{y tx , x €z)\ are not. 
They amount to substantive phrases with unattached pronouns; 
e.g., ‘.Y(y € xY corresponds to the phrase ‘the class of all those ele- 
ments whereof it is a member’. Such expressions might be classed 
as name matrices^ for they are related to names as statement ma- 
trices are related to statements. Variables themselves may also 
conveniently be classed as name matrices. 

Thus, just ks formula comprise statements and statement matrices^ 
so terms comprise names and name matrices, A formula without 
free variables is a statement, and a term without free variables is a 
name. All names are abstracts, but not conversely; and all 
variables are name matrices but not conversely. From the stand- 
point of primitive notation our only terms are variables, pronouns; 
all abstracts, and in particular all names, admit ultimately of 
elimination through D9. 



CHAPTER POUR 


EXTENDED THEORY OF CLASSES 



CORRIGENDUM 


The conjecture expressed in the sentence “This characteristic is 
shared, presumably . . on p. 157, and again in the last sentence 
on p. r66, has been disproved. Professor Barkley Rosser has dis- 
covered that the axioms of membership of pp. 1 57 ff lead to con- 
tradiction. By way of restoring consistency without excessive 
revision, we may simply abandon "‘200 and in its stead adopt f^io, 
fan, *259, f272, t273> t 3 S 9 > t^io outright; for these are the 
only theorems or metatheorems in the book whose proofs mention 
*200. The reader in quest of elegance will find that the first five of 
these can be supplanted by: 

WCy) *, y « V.D.® /^ y 6 V. 

Cf. my “Element and number,” /. of Symbolic Logic, vol. 6 (1941), 
pp. 135-149- 



§ 28 . Stratification 


WE CAN decide whether or not a statement is an axiom of quan- 
tification by examining its structure with regard merely to quanti- 
fiers and statement connectives (ultimately, quantifiers and ^ i ’); 
the question is independent of the properties of ‘e*. Again, we 
can decide whether or not a statement is a ponential of two given 
statements by examining the structure of the statements with 
regard merely to ‘D ’, hence ultimately ‘ | \ The notion of theo- 
rem hitherto defined turns, therefore, merely upon structure in 
terms of quantifiers and joint denial. Indeed, the notion of 
theorem was explained before membership had been discussed at 
all. The theorems are true statements which involve only quanti- 
fiers and ‘ I ’ essentially; occurs vacuously. Even the theo- 
rems of Chapter III relating to membership, or to the derivative 
notions of identity, abstraction, and description, are thus inde- 
pendent of any special properties of membership; they would 
remain true if the sign ‘e’ (throughout the primitive expansions of 
those theorems) were reconstrued as meaning ‘is not a member 
of’, or ‘is older than’, or ‘loves’, or anything else we like. 

We have yet to consider the logical truths which depend for 
their truth upon the meaning of ‘c’, rather than merely upon the 
quantifiers and joint denial. In order to provide for such truths, a 
new infinite set of axioms will be introduced by way of supplement 
to the axioms of quantification. Since they are various of the 
logical truths which involve ‘e’ essentially, these new axioms will 
be called axioms of membership. The notion of theorem will then be 
extended to cover all ponentials of ponentials of . . . ponentials of 
axioms in general, whether of quantification or of membership 
(rather than just those of quantification). 

Axioms are wanted specifying circumstances under which a class 
is to be an element. What conditions shall we regard as sufficient 
for elementhood? Common sense is of no avail in this question; 
common sense would construe every class indifferently as an ele- 
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ment, i.e. as capable of membership in another class, whereas we 
already know that this status must be withheld from the classes 

(1) x(x e at), x{y)^{x e y . y e x), x{y){z)^{x e y n y € z , z e x), 

etc. (cf. § 24). It remains natural, however, to construe the range 
of elements as liberally as possible. Wherever names a class 
which is not by necessity barred from elementhood as are the 
classes cited in (1), the statement ^d<l> e V"* recommends itself as an 
axiom of membership. 

It might appear reasonable, then, to specify as axioms of mem- 
bership all those statements c whose denials are not theo- 
rems. But there are objections to this course. For one thing, we 
must decide whether the notion of theorem involved in this de- 
scription is to be understood in the narrower or the broader sense: 
ponentials of . . . ponentials of axioms of quantification, or ponen- 
tials of . . . ponentials of axioms of quantification and membership. 
The broader sense would vitiate the suggested explanation of 
axioms of membership, through circularity; for the term ‘theo- 
rem* in the explanation would presuppose that we already knew 
what the axioms of membership were to be. We must therefore 
choose the narrower sense. There remains, however, an unanswer- 
able objection of another kind: the lack of a test. Even when 
‘theorem* is taken in the narrower sense, there is no process for 
deciding that a given formula is not a theorem (cf. § 16); yet this 
decision would have to be made before we could be sure that 
^d<t> cV"’ is an axiom of membership in the proposed sense. Alleged 
axioms of membership of this kind would never be conclusively 
recognizable as such, and proofs based on them would thus be 
impossible. What is wanted rather is a characterization of axioms 
of membership according to which those axioms will always be 
recognizable. The condition imposed upon <p and a, in order that 
^d<l> € V* be an axiom of membership, must be a condition which we 
can check. 

So the best we can do is seek some testable condition on 0 and a 
which will serve to include among the axioms of membership as 
many harmless statements ^d<l> e V’ as is conveniently possible, 
while excluding any actually refutable ones. Looking to (1) for a 
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suggestion of the forms to be excluded, we are led to suspect that 
the essence of the bad cases of ^d(t> e V"* is the presence in <l> of the 
cyclic type of clause 

€ 7i . Ti € 72 7n € 

from a around to a. We are tempted to take as axioms of mem- 
bership all statements ^d<t> e V"* such that <l> is free from that 
cyclic feature. Actually, however, this restriction is too mild; 
bad cases turn up which are free from the cyclic feature. Con- 
sider, e.g., the abstract: 

(2) X (y)(x - y 3.x e y). 

The quantification therein, viz: 

(y)(;r - y -D.Arey), 

says that x is a member of whatever it is identical with; in other 
words, that x is a member of itself. Thus the class which (2) desig- 
nates is our familiar non-element x(x ex); yet (2) does not, like 
'x(x € x)*y exhibit any cyclic situation. Even when expanded into 
primitive notation, the formula involved in (2) turns out to con- 
tain no atomic formulae beyond ^(zex)\ '{zey)\ and 
and these materials are incapable of being put into any cyclic 
arrangement. 

But there is another characteristic, broader than the cyclic one, 
which is exhibited by the cyclic sorts of context and by (2) as well; 
namely, it is impossible to put numerals for the variables in such a 
way that ‘ e * comes to occur always in the manner * w e w 4- 1 This 
characteristic is shared, presumably, by all the untenable state- 
ments ^d<j> € W. It is the characteristic upon which exclusions of 
statements ^d(l> e V"' from the axioms of membership will be based. 

Let us speak of a formula as stratified if it is possible to put 
numerals for its variables (the same numeral for all occurrences of 
the same variable) in such a way that 'e comes to be flanked al- 
ways by consecutive ascending numerals 1’)- Then a 

statement ^6i(i> € W is to be an axiom of membership if (j> is strati- 
fied. 

To show e.g. that: 

(3) x(y)(x€y.D {z)(yez.^. 


xey))eY 
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is an axiom of membership, we have only to display the sequel of 
with suitable numerals in place of the variables: 

(4) (l)(0 6l..D (2)(l€2.s.O€l)). 

The expression (4) is of course not supposed to m^an anything; 
it is not a statement or matrix or name, but only a diagrammatic 
instrument like the truth table. 

The property of stratification can obviously be rephrased in 
terms of a direct test. Given any formula </>, the following pro- 
cedure will decide whether or not it is stratified. First we put ‘0’ 
for all occurrences of some one arbitrary variable. Then we put 
numerals (positive, zero, or negative) for further variables, step by 
step, according to this rule: if ■”€ a"’ appears preceded by a numeral, 
put the next higher numeral for all occurrences of a; and if 
appears followed by a numeral, put the next lower numeral 
for all occurrences of /3. If in the course of this process an occur- 
rence of ‘e’ comes to be preceded by a numeral and followed by a 
numeral which is not the next higher, then we stop; <l> is unstrati- 
fied. If the process yields no such result, and some variables still 
remain unsupplanted after the process has been carried as far as 
possible, then we put '0^ for an arbitrary one of these residual 
variables and continue. Having continued thus until all variables 
are supplanted, and still not having found <!> unstratified, we con- 
clude that <t> is stratified. 

The notion of stratification is formulated for application to 
formulae in primitive notation; hence we must not undertake to 
show that a formula fp is stratified until we have eliminated all 
definitional abbreviations which conceal any atomic formulae 
€ jS"*. The abbreviations introduced by Dl-8 need not be dis- 
turbed; for the set of atomic formulae '"a € occurring in 0 is un- 
affected by those definitions, and it is only on that set of atomic 
formulae that the question of stratification of <#> depends. Thus no 
definitional expansion was needed prior to showing that the for- 
mula following ‘x* in (3) was stratified,. Abbreviations of the kind 
introduced by D9-17 and subsequent definitions, on the other 
hand, would have to be eliminated. 

It is Important to note that stratification of <l> is taken merely as 
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sufficient condition for the truth of a statement e V"*, and not 
as a necessary condition. A statement ^d<j> € V* will not be an 
axiom of membership if <f> is unstratified, but it may still be forth- 
coming as a theorem through indirect channels. The statement: 

x(x €X X €x) eV, 

to take a trivial example, is forthcoming as a theorem despite the 
unstratified character of ‘x e x .D. x e x’; it is derivable from the 
axiom of membership: 

x((y)(x ey) D (y)(A: € y)) € V 
by *100 and *123, since the matrix: 

X ex .D. X €x (y)(x ey) D (y)(;e e y) 
is tautologous. Again, there are formulae such as: 

(3y)(^€y) . (3y)(y 

which are unstratified merely because of accidental choice of 
letters; a formula <l> of this sort has a stratified alphabetic variant 
<!>', so that *171 yields ^d<l>eY~^ from the axiom of membership 
^d<l>' e Y\ 

The discussion of formulae ^d<l> e V* has thus far been limited to 
the case of statements. From the mere fact that a statement 
^d<t> e V*^ is to be true whenever <!> is stratified, there is no reason to 
conclude that the closure of a matrix ^d<l> e V’ will be true wherever 
<l> is stratified. Despite the stratification of 'x ey\ e.g., the closure: 

. (5) (y) ^ (at € y) € V 

is false; for when y here is taken in particular as z(z e z) we have: 

x(x e z(z € z)) € V, 

which is unstratified and indeed equivalent to the falsehood 
^x(x ex) eV\ In view of tl89, in fact, (5) amounts to saying that 
every entity is an element: (y)(y e V). 

For all elements y, on the other hand, x{x e y) will indeed be an 
element; 

(y) y € V ,3 . x{x ey) eV, 

This particular case is trivial, in view of tl89. But an assumption 
to similar effect seems acceptable likewise for any other name 
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matrix with stratified 4>; no difficulty seems to arise from 
assuming e.g. that 


(y) 

y 6 V .3- x{x ey) eV, 

(y)(z) 

y,Z€Y -3. x(x ey , X €%) eY, 

(y)(2) 

y, z € V .3- x(y € a: .3. AT € z ) € V. 


Accordingly, all statements of the form : 

’“(ft) . . . . . . 5 jSn € V .3. (^<j> € V)'' (0 Stratified) 

will be adopted as further axioms of membership; that is to say, 
the closures of all formulze 

(6) , /3n € V .3. d4> e V 

such that </> is a stratified formula having no free variables beyond 
/3i, ft* • . • * jSn* Elliptically stated: all stratified functions of 
elements are construed as elements. The axioms of the form 
€ V’’ just previously discussed can be viewed as falling under 
(6) as a special case, viz. the case where n ~ 0. 


§ 29 . Further Axioms of Membership 

IF X and y are the same thing, then whatever can be said of x is 
naturally true likewise of y. Closures of conditionals of the sort: 

X = y .3 : . . . a: , . , -s- . . . y . . . 

should thus be true, *. . . . . .’ and ^ . y . . .’ being thought of as 

formulae differing only in free occurrences oi 'x^ and ^y\ The 
following, accordingly, is wanted as a metatheorem: 

(1) If 4>' is like <t> except for containing free occurrences of a' 
in place of some free occurrences of a, then \-^cc - a <l> ^ 

This is the principle of the suhstitutivity of identity^ in one of its 
forms. Broader forms of the principle are likewise wanted, dealing 
with terms f and in general rather than merely with variables 
a and a! . Now in order to provide for (1), and its extension to 
terms f and we must supplement our axioms. 

In specifying these new suhstitutivity axioms it is sufficient to 
limit our attention to (1); the extension to terms f and can be 
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accomplished afterward (§ 30) without further assumption. Nor 
do we need to take as axioms all the statements covered by (1); 
it turns out that we need take only the cases where 0 is atomic. 
Also it turns out that the occurrences of a replaced by a' can be 
limited to a single one; and ‘ ’ can be weakened to ‘D \ Freedom 

of the occurrences of a and ol in 0 and 0' no longer needs to be 
stipulated, since an occurrence of a variable in an atomic formula is 
necessarily free. The axioms are therefore describable simply 
as the closures of formulae 

(2) = a'.D,0D 0'^ 

such that 0 is atomic and 0' is formed from 0 by putting ol for an 
occurrence of a. Thus two of them are : 

(3) (^) (y) (z) = y -D : e z .D ■ y € z, 

(4) W(y)(2) ^ = y -D:z€;c.D.Z€y; 

and there are further ones corresponding to atomic matrices 0 of 
any non-logical forms — forms other than e y'^. 

In view of DlO, the axiom (4) and all others sharing the same 
form 

(5) *" (o:)(i 8 )( 7 )(a: = jS .D : 7 e a .3. 7 € ^)‘’ 

are actually redundant assumptions; for they are readily seen to 
be theorems on the basis of *104 and *100. In consequence it can 
be shown that (3) would suffice as sole substitutivity axiom, if we 
were disposed to disregard non-logical atomic matrices and pro- 
vide for only such theorems as are logical formulae. But the notion 
of theorem is intended as an approximation to the general notion 
of logical truth; and it seems desirable, as in Chapter II, to pursue 
our codification of this notion in such a way that it will apply to 
statements whose atomic formulae have any sort of subject matter, 
logical or otherwise. Accordingly the more generous set of sub- 
stitutivity axioms is adopted. The redundant cases described in 

(5) are admitted along with the rest merely because an added 
clause expressly excluding them would be an idle complication. 

The substitutivity axioms are appropriately classifiable as 
further axioms of membership, supplementary to those of § 28; 
for the substitutivity of identity appears as a condition on 
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when ‘ ’ is expanded by DIO. We turn next to the consideration 
of yet a third set of axioms of membership. 

When we found that the common-sense idiom 'the class of all 
entities x such that ... a: ’ could not in general be trusted to 

express a class, we weakened it to read 'the class of all elements x 
such that . . . a; . . symbolically . a: . . . ) We now need 
axioms of membership providing in general for the existence of the 
class described by this weakened idiom. There is to be a class 
y whose members are all and only those elements x such that 
. . . a: . . .; symbolically 

(6) (3y)(A;)(A: € y .s. a? € V . . . . a; . . . ), 

since means that x is an element. All statements of the 

kind (6), then, and the closures of all matrices of this kind, are to 
be axioms of membership. More rigorously stated, the axioms of 
membership are to include the closures of all formulae 

(7) 

such that ^ is not a nor free in <#>. 

To sum up, then, the axioms of membership comprise the clo- 
sures of the formulae described in connection with (6) of § 28 and 
(2) and (7) of the present section. The notation ‘ 0’ will be used 

hereafter to mean that the closure of 0 is a theorem in our newly 
extended sense: an axiom of quantification or membership or a 
statement derivable from such axioms by one or more steps of 
modus ponens. The totality of theorems ceases to be determined 
by *100-*10S alone, and comes rather to be determined by *100- 
*105 plus the following: 

*200. If <l> is stratified and has no free variables beyond a, jSi, ^32? • . • > 
jSn, then 

h ^ ft) 1 ® 2 > • . . , jSn € V -Dp € V"* ([- € V"* when n = 0), 

*201. If p is atomic, and p' is formed from <t> by putting a! for an 
occurrence of a, then [-'"a = a'-D.^D 

*202. If is not a nor free in <f>, ' 

What have hitherto been shown to be theorems continue to be 
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theorems; but we can now establish further theorems, with help of 
*200-*202, which were lacking before. Two simple ones are the 
following, which affirm that the class of all elements is itself an 
element and also that the null class is an element. 

t210. V € V 

Proof. ‘(y){y tx is stratified; hence 

*200 xly){y ex .-^.y €x) (q.e.d.; cf. Dl 5 , 10). 

f 211 . A € V Proof similar. 

With help of ■|■210 and *202 it is now possible to prove a theorem 
to the effect that, whatever 3; may be, there is something else; 
in other words, that there is more than one entity. 


t212. (y) 

(^x){x 9^ y) 


Proof. 

*100 

% = V - zeV.D {z € X % eN • % 1 x) 

(1) 

*149 (& D12) 

[(z)l D. 210 D]( 3 z)^(z tx z € V . z e^) 

(2) 

*130 

(z)(z € a; .s. 2 € V . z € a:)[s 2^ 

( 3 ) 

*121 (& DIO) 

a; = 3; .D. [3 s]/^(2)(2 .s. ze V . z e 3;) 

( 4 ) 

*100 

[4 D:] (z)(z € AT z € V . z ey) 3 - x ^ y 

( 5 ) 

*202 

( 3 a;) (z) (z € a: . =. z € V . z i y) 

(6) 

*149 

l{x )5 D.6D] 212 



Ways of protecting logic from contradictions of the sort considered at the 
beginning of § 24 were proposed in 1908 by both Russell and Zennelo. Russell’s 
way, known as the theory of types, is restated in Whitehead and Russell, vol. 1, pp. 
37-65. The theory is highly complex and at some points obscure. Some of its 
complexity was resolved in 1914, when Wiener reduced relations to classes (cf. § 36). 
The dispensability of the most complex and obscure part of the theory, viz. the 
part having to do with the so-called orders ^of propositions and propositional func- 
tions, was pointed out by Chwistek in 1921. (See Church’s* review, also Ramsey, 
pp. 20-29, and my “Axiom of Reducibility.”) Thus simplified, the theory of types 
is substantially this ; each entity is conceived as belonging to one and only one of a 
hierarchy of so-called types; and any formula which represents membership as 
holding between entities of other than consecutive ascending types is rejected as 
meaningless, along with all its contexts. (Cf. my “Theory of Types.”) In partic- 
ular, thus, 'at 6 A?’ and all its contexts are meaningless; and similarly for ‘ac cy . 
ycjc’, * xiiy .y €z . z€x\ etc. The prefix ‘the class of all entities x such that’ 
survives, but all the matrices in connection with which this prefix caused trouble are 
now banished from the language. 
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UniitT Russell’s theory thure is no one exhansrive class V, hut rather an infi ' 
array of analogues each of which exhausts a type; for a class is forbidden to dr!** 
its members from more than one type. In similar fashion every other loeicair 
definable entity, e.R. A. the identity function / (§ 42), and indeed each numbe!" 
loses its unity timl Kim way to infinitely many replicas. Intuitively all theJ 
cleavases and reduplications are of course unwelcome; and technically also for 
fhey call continually for inore or ksss elaborate technical manteuvres bv wav of 
yt-sroritiR severed connections. ^ ^ 

Zermelo's scheme, refined in IPSO by Skolem, is in effect as follows. Soecial 
axioms are adopted providinu for the cxmtence of the null class, the class ofallsub- 
elasses of a Riven class, the class of all members of members of a given class, and the 
tlass having any one or two giyen thiiiRS as sole members. Then a so-called 
Ju.wmdfruni’Kixiom is added which allows generation of further classes via the 
idiom ‘ t he class of all ent it ies .v such that * e y and . . . x . . . ’. The Aussonderunts- 
asiom is the prectireor of •2(12, with which it is identical except for exhibiting a new 
variable in place of V. For variants of the Zermelo system see Fraenkel’s Einlei- 
tiing, my ‘'Set-'rheoretic Foundations,” and Ackermann’s “ Mengentheoretische 
|{cgnintlung.’‘ 

/.crtncld’s theory is ircc from the drawbacks noted in connection with Russell’s 
Init \m drawbacks its own. Whereas under Russtdl’s scheme an abstraction 
picfix 'the eta of all entities .v (of given type) such that’ can be applied outright 
(0 anv mcuningful formula, under Zermelo’s scheme generation of classes tends to- 
{,r Uhoriiuw and uiUTrrain. Moreover, there is for Zermelo no class which em- 
braec.t more ihan inlinite.simal ()roportion of the totality of entities; thus there 
notlring remotely analogous ro an exhaustive class, nor does any class have a 
t'ompletnent \ (ef. § dd). 

My “New I'ouitdations” strikes a middle course between Russell and Zermelo. 
Zcinudo’s initial axioms of class existence are dropped, and the idiom ‘the class of 
^11 rniities .x ituoh that* is construed as effective whenever applied to a stratified 
liumttla. There is an echo here of Rus.sell, since a stratified formula is one which 
conhl be reconciled with the theory of tyi)cs by some assignment of types to the 
V 4 I tables; hut types themselves, and the cleavages and reduplications which they 
j„vt)lvf, ate ahanduned. Unsrratified formula* remain meaningful, and can often 
fvett Ite shown by, more or less devious reasoning to determine classes — just as, in 
(hr Hvstem of thtR hook, unsrratified formuhe can often be shown to determine 
l•|rmcnfs. In contrast to Zermelo’s theory, “New Foundations” countenances an 
rxlMUStivc class V and a complement x of every class x. Instead of repudiating the 
jiiitst inclusive classes, the system countenances a universe which is symmetrical as 
j^i'fwcrn small and large — as the existence of complements testifies. Within the 
half of this symmetrical universe, a universe fulfilling Zermelo’s theory is 
contained (provided that two rather appendical axioms of Zermelo, viz. the axiom 
infinity and rhe axiom of choice, be appended also to “New Foundations” or else 

dmpf»**<l altogcfhcf). 

In "New Foundations,” unlike Zermelo’s system, generation of classes is as 
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convenient as in Russell’s theory; for the prefix ‘the class of all entities x such that’ 
is now available in connection with formulze corresponding to all Russell’s meaning- 
ful formula. Nor is the phrase ‘all entities x’ here subject, as with Russell, to the 
parenthetical qualification ‘of given type’. Moreover,- the resulting abstracts may 
be substituted for variables at will without fear, as in Russell’s system, of rendering 
the context meaningless. “New Foundations” shares with Zermelo’s system the 
virtue of involving no complications in the matter of meaningfulness of formula. 

The system of theorems determined by *100-*105 and *200-*202 could be con- 
verted into the system of “New Foundations” merely by dropping *200, deleting 
‘a e V .’ from *202, and stipulating that the of *202 be stratified. 

There is, however, a technical inconvenience to which “New Foundations” and 
Zermelo’s system are alike subject, and from which Russell’s scheme is free; namely, 
the survival of conditions (e.g. *x6x*) to which no classes correspond. This 
divergence from Russell is a matter of liberalization rather than restriction, of 
course, for it consists in the retention of formula which Russell rejected as meaning- 
less; but it nevertheless proves awkward in some cases. One unnatural result is 
that the principle of mathematical induction (§ 44) cannot be established in its 
general form unless we adopt special axioms for the purpose; cf. Rosser, “Con- 
sistency,” “ Definition.” 

The system set forth by von Neumann (1926), and recast by Bemays (1937) 
in a form more directly comparable with tradition, overcomes this kind of difficulty. 
Matrices which would otherwise have no classes corresponding to them are now 
accorded classes of a special sort, incapable of being members. This proscription 
of membership seems to work as well as the repudiation of the classes themselves 
so far as the avoidance of contradictions is concerned, and it is a milder and techni- 
cally much more convenient sort of restriction. 

The basic difference between the von Neumann-Bemays system and the system 
developed in this book resides in the conditions of elementhood; whereas the ele- 
ments of the von Neumann-Bernays system comprise approximately the classes of 
Zermelo, the elements of the present system comprise all the classes of “New 
Foundations.” For von Neumann and Bernays, no element embraces as members 
more than an infinitesimal proportion of the totality of elements; consequently the 
class V of all elements is not an element, nor is the complement x of any element x. 
For the present system on the other hand V is an element (t210) and so is x for 
each element x (t274); the totality of elements is symmetrical as between small 
and large. 

While the elements of the present system answer to the classes of “New Founda- 
tions,” it is not clear that von Neumann’s elements correspond exactly to Zermelo’s 
classes. Thus, whereas the lower half of the symmetrical universe of “New Foun- 
dations” contains Zermelo’s universe, it is not altogether clear that the lower half 
of our present symmetrical totality of elements contains all of von Neumann’s 
elements. This relationship could be assured by supplementing *200-*202 with a 
further axiom of membership : 

(^) 


;c € V .V (3y)(jf Cry. y^^x « V) 
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(in the notation of §§ 38, 40), which answers to half of von Neumann’s 4.2; but let 
us beware, for perhaps this axiom is actually refutable on the basis of ^lOO-^lOS 
and ♦200-’^202. 

Whereas the present system would appear to be much more liberal than von 
Neumann’s in the matter of elementhood, von Neumann’s distinguishes itself on an 
important point of economy; for his system demands, over and above *100-*105, 
only a finite number of axioms. 

In the present system we regain much of the manipulative convenience which 
was enjoyed in the days of false security before 1902 and sacrificed in the systems 
of Russell, Zermelo, and “New Foundations.” We can compose formulae in the 
simple manner of § 23 without fear of meaninglessness, we can apply abstraction 
prefixes to any of these at will, and we can substitute the results for variables 
(♦231) without thought of stratification or auxiliary existence theorems. We pay 
for this in clauses of elementhood « V^, but at bargain rates. Even when it 
proves relevant to our purposes to establish elementhood, which is not often, the 
task is no harder than showing existence in “New Foundations” or indeed meaning- 
fulness in Russell’s theory. In investigations where theorems of elementhood play 
a promfnent role, the technique developed in the Appendix proves helpful. 

The contradictions which instigated this whole series of researches, from Russell 
and Zermelo onward, were implicit in the inferential methods of uncritical common 
sense; and the various reformulations of logic which have been proposed for 
avoiding the contradictions have been correspondingly artificial and foreign to 
common sense. The least artificial and at the same time the technically most 
convenient formulation would seem to be that which comes as close as it can to the 
over-liberal canons of common sense without restoring the contradictions. But 
the more closely we approach this ideal in point of liberality, the more risk we run 
of subtly reinstating a contradiction for posterity to discover. If we undertake to 
prove consistency, moreover, we find ourselves in this curious predicament: the 
proof would itself have to proceed by logic, and hence would be conclusive only in 
proportion to our prior confidence in the consistency of the logic used. The most 
we can hope for, in such a proof, is to show that one theory is consistent if another 
is; and this is interesting just in case the one theory was more suspect than the 
other. Intuitive obviousness thus becomes the last arbiter — and a fallible one, 
in view of the contradiction which Russell was able to draw from common-sense 
logic. But there are degrees of obviousness; future analysis may enable us to 
derive logic from a set of principles yet more obvious and natural than those which 
Russell discredited. Meanwhile we adopt a smooth-running technique which does 
not appear to be inconsistent. 
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§ 30 * Substitutivity of Identity 

THE SUBSTITUTIVITY of identity, which has been postulated 
in a rudimentary form (*201), will now be established in its full gen- 
erality. Seven metatheorems *221-*227 will be proved which are 
exactly analogous to the principles *120-*123 and *186--*188 of the 
substitutivity of the biconditional. As a lemma for *221 it is 
convenient first to prove the following special case thereof (which 
is at the same time a case of *223). 

*220. Ij 4 / is formed by putting for an occurrence of f in a quasi- 
atomic context <#>, then « f' .3. 

Proof, Case X: f and f' are variables. 

Case la: <t> is atomic.^ 

*201 (&hp) ^ D.pDp'l (1) 

*100, *123 (& DIO) h '"f = f' -3- f' * 

*201 (&hp) (2) 

*100 (& D5) h ‘"[1 - 2 .D]220'‘. 

Case ib: p is not atomic. Then the expansion of (t> into primitive 
notation makes the occurrence of the variable f give way to many 
occurrences, because of the reduplications arising from expand- 
ing and into terms of ‘ | but these occurrences 

will have a uniform atomic context which occurs over and over. 
Let be the corresponding part of 4 '. By Case la, 

= ( 1 ) 

From the fact that p and p' are quasi-atomic contexts of f and f', 
it is clear that the specified occurrences of ^ and in the primitive 
expansions of <l> and will not fall within any quantifications 
governed by ^(f)"* or in other words, f . and f' are distinct 


^ From the fact that is a variable we cannot conclude that its quasi-atomic 
context ^ is atomic; abstracts may still turn up at other points in But tj> may 
be atomic; the atomic is a special case of the quasi-atomic. 
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from all the variables | 3 i, . . . , jSn with respect to which the occur- 
rences of \p and in question are bound in (j) and <{>', Hence 

*121 D.(l> = <l>'\ 


Case 2: f and f' are abstracts. 

Case 2a: </> and <t>^ are ’"a e and 6 f'’’. *104 (& DlO). 

Case 2b: <t> and <!>' are of other forms than '"a 6 f"' and ’"a € f'"*. 
Still, definitional expansion of 4> and 0' reveals that the occurrences 
of f and f' in question, in <t> and are free occurrences having the 
immediate contexts € f'' and ^o: e f'”’ where a is foreign to f and 
f' (cf. ^ 26 ). Thus 

*121 («)(a € f a e D. <j> = q.e.d. (cf. DlO). 

Case j: f is a variable and f ' an abstract. 

Case j^a: 0 and <!>' are e f’’ and € f'"*. *104 (& DlO). 

Case jb: (b and <b' are e and e {*'"’. Let y be new. 
*121 h^(7)(7^f.^.7 6n3. 

( 3 y )(7 = . 7 e f) = ( 37)(7 = ^ - 7 e 

q.e.d, (cf. DIO, 12 ). 


Case ^c: <b and </>' are e 17"* and '"f' € 77''. Let 7 be new. 


*134 



• ( 37 ) (7 = f' ■ 7 « ’?)''• 

(1) 

*100 



: f « j/ .D Rl’’. 

(2) 

*220 

(Case 1) 

1 - '■■y = f .D : 7 e 77 

.s, f 6 

(3) 

*100, 

*163 

h^(37)(C3 .]7 = 

f . 7 « >?) f e »?''• 

( 4 ) 

*121 

(& DlO) 



(5) 

*100 

(&D 5 , 12) |-'■[2.5.^:.3r = 


q.e.d. 


jd: (t> and are extra-logical quasi-atomic contexts, as of 
Dai-Un of § 26 . Proof similar. 

Case 4: f is an abstract and f' a variable. 

* 100 , *123 (& DIO) f' = 

*220 (Case 3 ) 

*100 D-<^ s 0'L 

* 221 . If 4/ is like <l> except for containing f' at a place where <t> con-- 
tains and ai, . . . , an exhaust the variables with respect to which 
those occurrences of f and f ' are hound in <l> and then 
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h ""(ai) • • • (an)(r = fO 

Proof. The occurrences of f and in question have as immedi- 
ate contexts either quasi-atomic^ contexts ^ and {Case i) or else 
quantifiers ‘"(f) and ‘^(f')"' (Case 2 ). In Case 1, f and f' may be 
abstracts or variables; in Case 2 they must be variables. Case 2 
has little practical significance, but must be dealt with because 
*221, taken literally, includes it. 

*116 h"M...(«n)(r = n:).r = r 

*220 = ( 1 ) 

Let ^03i)xi"', . • . » ^{&m)Xn? (m ^ 0) be all the quanti- 

fications in <!> which contain the given occurrence of f, and let 
^{POx'i^i • • • > be the corresponding parts of 0'. Then, 

if jSi is a free variable of f (or f'), the occurrence of f (or f') will be 
bound in 0 (or 00 with respect to jS,-; wherefore, by hp 2, jS* will 
be one of ai, . . . , an. For each i from 1 to tw, therefore, Pi is one of 
ai, an or else not free in f nor in f'. Thus none of jSi, . . . , 
is free in ‘"(ai) . . . (an)(f = fO"’- Hence 

(1), *117 h "(«l) . . . («n)(f = n 3 (^ 1 ) . . . (/5.)(^ ^ 

*121 D. 0 S 0n 

Case 2 (see above). If the variables f and f' are the same then 
0' is 0, whereat 221"* by *100; if on the other hand they are 
distinct, 


*171 h T(y)2i2 -](r')(3f)(f ^ f')". (1) 

*110 h T 1 3](3f)(r ^ ( 2 ) 

*130 l-"~(r)(r = r)[^2]^ ( 3 ) 

*116 f- "(«o . . . («n)(f = n f = r. (4) 


The occurrence of f in 0 which we are considering is bound to the 
occurrence of ‘"(f)"’ which contains it (cf, § 14) — an occurrence of 
'"(f)'* which is in 0 and not, of course, in f. Thus the occurrence of 
f is bound in 0 with respect to f, wherefore, by hp 2, f is one 
of • • • > TThus 

(4), *117 h ^(ao . . . («„)(r = r')3 (i-)(f = ry 
*100 D:[3D.> s 

* Possibly atomic, in case f and f' are variables. See preceding footnote. 
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*222. If <j}' is like <l> except for containing f' at some places where ^ 
contains f, and ai, . . . , an exhaust the variables with respect to which 
those occurrences of ^ and f' are bound in p and then 

Proof {torn *221 like that of *121 from *120. 

*223. If p' is like <l> except for containing free occurrences of f' in 
place of some free occurrences of f, then f- '"f = f' . 3 . s 
Proof: *222 (n - 0). 

*224, 7/ |- ’’f = and <#>' is formed from cl> by putting for some 

occurrences of f , then s 

Proof from *222 like that of *123 from *121. 

*225. If r[ is like rj except for containing f ' at some places where vj 
contains f , and oei, . . . , an exhaust the variables with respect to which 
those occurrences of f and f' are bound in rj and rj'i then 

Proof: *222, *117 (& DlO). 

*226. If rj' is like rj except for containing free occurrences of f ' in 
place of some free occurrences of f, then |- ‘‘f « f' . 3 . 77 = ry'"!. 
Proof: *225 (n = 0). 

*227. 7/ j- - f'"’, and 17 ' is formed from tj by putting f' for some 
occurrences of then [- '’77 - 
Proof from *225 like that of *123 from *121. 

The following variant of *223 is occasionally useful. 

*228. If 0 ' is like <i> except for containing free occurrences of f ' in 
place of some free occurrences of then 

h '"f = r ■ <^ --- f « r . 0 '^ 

Proof, *100 1-T223 D] 228\ 

§ 31 , Substitution for Variables 

SINCE ie(. . . A? . . .) is the class of all elements x such that 
... a: ... , any entity x will belong to the class if and only if it is an 
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element and ... ... . That the closures of such biconditionals 

are theorems is established in the following metatheorem, which 
will subsequently be generalized (*235). 

*230. e d<l> a eV . <tP, 


Proof, Let P be new. 

*171 h T(^)(V)190 ^](a)(i3)(a V)^. (1) 

*116 h Tl D :> € -D. a € (2) 

*110 l-^(a)(a€/3.3 (t>)D:a€0.D 

*100 D i [^2 .]a € ]8 .D. o; 6 V - 0"’. (3) 

*100, *163 h ^(3^) ([3 .']a€0.(a)(ae0.D 0))D. a€V.<t>\ (4) 

*100 f- ^o£ € V . <^> -D (p, (5) 

*135 (& D9) [- ‘"a € /3 . («)(«€ )3 -D <!>) O, a e dp, (6) 

*121 [- ''(a)(a €/3 . = . a c V . <^)Dl 

[6^ l] a € V . (a)52 .3. a 6 dp, (7) 

(7), *163 h T202 .<l>3.0Ledp. (8) 

*100 (& D9) h T4 - 8 .3] 230T 


Passing mention was made earlier (§ 15) of logical truths of the 
form '"(q:)0 3 p, where ^ is like <t> except for containing a name f 
in place of the free occurrences of a. The notion of name has since 
been given an explicit status (§ 27), and now those logical truths 
are forthcoming as theorems. This is established in the following 
metatheorem, which is extension of *104. 

*231. If ^ is like <t> except for containing free occurrences of f where- 
ever <t> contains free occurrences of a, then h*'(Q^)0 ^ 

Proof. Case 1 : f is a variable. *104. 

Case 2. f is an abstract Let a' be new, and let p be 

formed from p by putting a' for the free occurrences of a. 

*223 (& hp) h = $x -3. p = P 


*122 

D z [[104 s.3(a)^ D 

(1) 

*202 

h'’(3a')03)(/3«a'.=.)3 6V.x)‘'. 

(2) 

*230, *123 

1- W) W08 e ^ ‘ ^X)C = 2T. 

(3) 

*171 (& DIO) 

h^Ca ^](3a')(«' = h) 

(4) 

(1), *163 

H T4 3] 23r. 



This metatheorem is used constantly in the sequel. It embodies 
the principle of application or specification — the principle which 
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leads from a general law, a universal quantification to 

each special case ^ falling under the general law. We get from <l> 
by substituting a name or name matrix f for the variable of 
quantification a. It is important to note that the substitution 
must exhaust the free occurrences of a in 0; thus *231 gives us: 

= x) 3- A = A 

and: (z) (x)(x ^ x) D.y(z€y)^ y{z€y) 

as theorems, but not: 

(x) (x)(x = x) D, X == A. 

The latter is clearly false. In thus requiring exhaustive substitu- 
tion, *231 resembles *104 and *134 and differs from *120~*124, 
*186-*188, *220-*228, 

The following metatheorem extends *134 as *231 extends *104. 

* 232 . If Ip is like (p except for containuig free occiirrejices of f where- 
ever 0 contains free occurrences of a, then [- ^\p 
Proof *231 (& hp) h T(o:)135 D] 232\ 

The next extends *231 to the case of many quantifiers. 

* 233 . If \p is like <t> except for containing free occurrences of fi, 
fe, . - * » f n 171 place respectively of all free occurrences of au a 2 > . . . , 
Q!n, then 

1“ '*(<>!l)(a!2) . . . (an)0 3 

Proof, We may assume without loss of generality that ai, a 2 > . . . » 
an are distinct; for if a,- were ay then the hp would demand that 
fi be fy, so that the extra mention of ay and fy could simply be 
dropped. Now let <t>o be formed from p by putting vw distinct 
variables jSi, . . . , pn for all free occurrences respectively of ai, 
. . . , an; and, for each i from 1 to n, let (pi be formed from <#>,•. i 
by putting for jS*. 


*171 

|- '■(ai) . . . D (/3i) . . 


*231 

3 032) . . 


*231 

3 (ft) . . 

■ (finW 

*231 


But <l>n is 
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The reason for introducing new variables ft, , Pm in the above 
proof, is as follows. If <l>i were formed rather by putting fi for ai 
in (l>, and 4>2 by putting fa for a 2 in and so on, then the assertion: 

h • • * (o!n)<#> 3 (aa) . . . (oin)<t>l^ 

would not be justified by *231 in case any of aa? . . . > happened 
to be free in fi; and correspondingly for each succeeding step of 
the proof. The /3’s obviate this difficulty, foreign as they are to 
the f’s. 

Note that *233 does not demand a distinct f for every distinct a. 
All of the following, e.g., are theorems according to *233: 

(w){z) (x){y)ix € Z -V- Z €y) D: € S .V. S € V, 

(w) (z) (at) (y ) (x € z .y, z ey) D : e z -V. z e w;, 

W W(.v)(^ € z -V. z € y) D : V € z ,v. z € V, 

(z) ix)(y)(x € z .V. z € y) D : z « z .v, z € z. 

Hereafter, when a daggered numeral is used to justify a step of 
proof, a tacit inference according to *233 will commonly be in- 
volved. The following line, e.g., might typically occur in a proof: 

tl90 y € x(z € x) -D- y e V. 

Rendered in full, the reasoning here is as follows: 

*233 CWCy)!^ ^ 0 y € x{z ex) .D . y e V. 

Similarly the first line in the proof of *234, below, amounts to 
this: 

*233 [-TW182 3.]f = 

In effect, thus, the matrix following the segregated initial quanti- 
fiers of a theorem (the matrix *x ey .D. x e V’ in the case of 
or 'x = x' in the case of tl82) is tacitly reconstrued in prodfs as 
containing free occurrences of any desired terms in place of the free 
variables. Under this procedure the first two lines in the proof of 
*230 would have given way to the single line: 

tl 90 \-^oL€p.D.<xeV\ 

Note, however, that this innovation relates only to numerals with 
daggers attached. Divorced of its dagger, the numeral continues 
to serve as an abbreviation of just the one specific formula which 
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actually appears after the segregated initial quantifiers (if any) 
in the original statement of the theorem; the undaggered numeral 
*190', e.g., serves in proofs as an abbreviation of the matrix 
.D- jc € V' and this only. 

The following metatheorem depends both upon substitution for 
variables, as of *231 and *232, and upon the substitutivity of iden- 
tity as of *223. 

*234. If,a is not free in f , and ^ is like </> except for containing free 
occurrences of f wherever p contains free occurrences of o:, then 
(a) H - («)(« = f and (b) - (3a)(a = f . 4,)i. 


Proof. tl82 = (1) 

*231 (& hp) h -■(«)(« = f .D D. [1 (2) 

*232 (&hp) (3«)(a = (3) 

*223 (&hp2) !-'■« = (4) 

*100, *117 (& hp) h 3 («)(C4 .]« = f .3 4>y- (5) 

*100, *163 (& hp) I- ^(3a)([4 .]« = f . «#>) 3 (6) 

*100 h T5 . 2 .D]234a\ 

*100 l-''C3.6.D]234b''. 


One of the theorems covered by *234b has already been con- 
sidered separately, in fl^S. 

The stipulation that a not be free in f is clearly essential to 
*234; otherwise we might take as a itself, e.g., thus concluding 
that 

h ^ (a)(Q: * a -D 4*)^ and |- ^(^ s (3a:) (o: « a . 

and hence that ^ («)<#>”' and 1- ^ (ioi)<lP for all choices of 

^ and a. 

The principle noted at the beginning of the section, in *230, now 
achieves its general formulation with help of *231. 

*235. 7/^ is like 4> except for containing free occurrences of f where- 
ever <l> contains free occurrences of oty then 

l- '"f € r € V . 

Proof. *231 (& hp) f- [(a)230 D] 235"’. 

This principle provides a very useful way of paraphrasing 
•"f € d<p so as to eliminate the abstract; a simpler and more con- 
venient way, indeed, than that provided by D9 and Dl2 them- 
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selves. But *235, unlike the definitions, is not always immediately 
applicable; transformation of ‘'f € into an alphabetic variant 
is sometimes necessary in preparation, E.g., the formula: 

(1) y^x(ly)(yex) 

cannot, as i stands, be paraphrased by *235; for it is impossible to 
construct a formula yp which is like ‘(3y)(y€:^)* except for con- 
taining free occurrences of ‘y’ wherever ‘(3y)(y c x) ’ contains free 
occurrences of 'x\ The alphabetic variant: 

y€x(3z)(zex) 

of (1), on the other hand, can of course be paraphrased by *235; it 
becomes : 

y € V - (3z)(z€y). 


§ 32 . Further Consequences 

THIS SECTION embraces a variety of theorems and metatheo- 
rems on membership, identity, and abstraction. The first of these 
theorems was recognized earlier (§ 23) as the shortest of all logical 
truths (from the standpoint of primitive notation). 

t240. '^{x){xix) Proof. tl92 AiA (1) 

*232 llDJ3x)ix€x) (2) 

*130 240 [=2] 

t241. i3xXx€x) Proof. *232 [210 3] 241 

The next theorem shows that an element x is identical with y if 
and only if 

(1) (z)(x€Z.D.y€z). 

That (1) follows from "a: = y ’ is clear, indeed, regardless of whether 
X is an element (cf. *201); on the other hand the inference of 
‘x = y* from (1) does depend on elementhood of x, for if x is not a 
member of any class then (1) is trivially true independently of y. 

t242. (x)(y) X eV D:x y iz){x ez.D^y €z) 

Proof. 

*201, *117 a; = y -3 (s)(^€Z-D-y €s) (1) 

*231 (z)(a: € z .3. y € z) 3 : Af e w{x ^ w) -3- y 6 w{x = w) 
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( 2 ) 


*235, *123 DlxeV [.182].D. yeY.x 

*100 [2 .] € V ,D : {z)(x €Z.D,yez)D.yeY.x^y 

* 1 00 3 :. [ 1 3 = (z) (;c e z . D . y € 2 ) 

Note that the third line of the above proof is a compressed 
rendering of two duplicate steps, as follows: 

*235, *123 3:xeYl,m']3.yew{x - zv) 

*235, *123 3 : ;v e V .3. y e V , ^ = y (2) 

Such telescoping of duplicate steps, in connection with *123 and 
likewise *224, w'ill be usual hereafter. It occurs again in the 
second line of the proof of *244, below. 

When the ‘xez-D.yez' of t242 is strengthened to 'xez.^, 
y € z*, we still have a theorem: 

t243. WCy) ^ 6 V ,3 : AT « y (z)^^ e z -s. y e z) 

Proof similar, using *223 instead of *201. 

The following is the main principle regarding equation of ab- 
stracts. 

*244. |- ^di<t> - (a) (a € V .3. 

Proof, *171 (& DlO) |~ ^dl<t) — db!/ Mioi e d<l> a € dbf/y 

*235, * 123 - (a) (a 6 V , . a e V . 

*100, *123 s {a)(a c V .3. 0 s 

Various corollaries follow. 

*246. If X zJ* formed from ^ by putting p for some free occurrences of 
*"q! 6 ddP, then 1“ = dx'^- 

Proof. *100 '"C2v^0 f]a € V .3 ! a € d(t> <lP 

*122 (&hp) 3.^^x". (1) 

*244 h"245[s (a)lj. 

*246. [- = <$(a € V . </))\ 

Proof. *100 h ’’a € V .3 : s. a 6 V . (1) 

*244 1-''246[= (a:)lT. 

*247. \-^d<l> - diaeV.D <l>)\ 

*248. l-^dp^ d{aeV.^ <t>)\ 


Proof similar. 
Proof similar. 
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*249. - V.s (a)(aeV.D<^)\ 

Proof. tl89, *224 <$0 = d{a e Y^ 

*244 = (a)(a€V.D:0=. 

*100, *123 = MiaeYD <l>)\ 

The first line of the above proof involves construing flSP as 
= d{a € V)'‘. This deviation from the original form of tl89 
turns not only upon use of *233, such as is regularly left tacit in 
connection with daggered references (cf. § 31), but also upon tacit 
use of *171 in case the bound variable a happens to be other than 
"y’. *233 leads from tl89 to ‘V = y{y eY)', and *171 leads 

thence to ^ = ^(a € V)'’. The second line of the following proof 
is similar. Hereafter, thus, *171 will fare like *233; its use will be 
left tacit in connection with daggered references. 

*260. [- ^d<j> = A ioi){a € V .3 ^ 0)A 
Proof. n92 (1) 

tl89, *224 |- ^d<tf “ A d<t> = d{a e A)"’ 

*244 s ia)(a€Y aeA^ 

*100, *123 s (a)(a€V.D.-0[= 1])A 

From *249 and *250 it is clear that the identity ‘'d0 * is not 
in general equivalent simply to ^(cx)0'’, nor '”<$0 = A*^ to 
On the contrary, .r( . . . a; . . . ) may be V even though \ . x . . ." 
fails for various non-elements x<t and x( . . . x . . . ) may be A even 
though \ X .. .^ holds for various non-elements x. The ‘ D ’ 
of *193 and *194 cannot in general be strengthened to ‘ = But 
‘y = A’ and ^(x)(x i y)' do prove equivalent. 

t251. (y) y = A.- (;c)(^iy) 

Proof.^ *100, *123 (& DIO) y = A (x)(x e y [.= 192]) 

A variant of t251 is appended. 

1252. (y) y 7*^ A . = (3x)(x € y) 

Proof. *100 (& D8) [251 D] 252 

The following corollaries of *249 and *250 explain those trivial 

1 This proof, shorter than my own, was suggested by my students 1. Kaplansky 
and M. J. Norris, 
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abstracts such that a is not free in 0. Such abstracts are 
capable of designating only V and A. 

*263. If a is not free in |- = V 0"', 

Proof. *232 h [210 3](3a)(a e V)\ ( 1 ) 

*249 f- = V {a){a e V 3 <l>y 

*161 (&hp) 

*264. If CL is not free in <j5>, 1- = A . s ^ 

Proof similar, using *250 instead of *249. 

We have noted two ways of saying that x is an element: € V’ 
and *(3y)(iV€y)'. The following theorem establishes their 
equivalence. 

1266. {x) X eY (3y)(:v € y) 

Proof. *232 a; € V .3 (3y)(jv € y) (1) 

’|■190, *163 (3y)(A; € y) D. a; € V (2) 

*100 [1 , 2 .3] 255 

It has been remarked (§ 28) that *200 provides merely a suffi- 
cient condition for elementhood, rather than a necessary one. 
Other sufficient conditions appear in the following metatheorems. 

*266. \- ^{(x)<l> D, d<t>€ V"'. 

Proof. *193 \-^(cL)<t>D.d<l> 

*223 3:<$0€V[.s 210]\ 

*267, [-* </> 3. d<l> € V’. 

Pfoo/ similar, using *194 and t21L 
*268, If a is not free in 0, (- ^d<t> € V*. 

Proof. *118 (& hp), *123 <I>D. d<l> eY 256J. (1) 

*118 (&hp), *123 257T. (2) 

*100 [-''[1-2.3] 258^ 

*269. 1“ ^d<l> € V .s. d^<l> € V"*. 

Proof. Let be new. Since i is stratified, 

*200 y^peY D, dial 0)€Y\ 

*231 h T(/5)l ^ € V ;3. dia i d<l>) e 

*245, *224 D.d^<l>€Y\ 

Similarly e V .3- e V* 


( 1 ) 

( 2 ) 
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*100, *123 3.d4,(Y\ (3) 

*100 hT2 . 3 .D] 259''. 

It has already been noted (§ 24) that the classes 
x(xex), x(y)'^(x (y .y ex), xiy){z)~-'{x ey .y ez.zex), 

etc. are not elements. By virtue of *259, the same can be proved 
also of the classes 

x(xex), x{3y)(x ey .y ex), H3y){3z)(x e y . y ez . z ex), 

etc. All these matters are recorded in the following theorems 
and metatheorems. 

1260. x(xex) iV 

Proof. *235 x(x e x)e x{x e *).=. x(x ex)eV . x{x e x)e x{x e x) (1) 
*100 [1 D] 260 

f261. x^pe ex)eY 
Proof. *259, *123 261 [s 260] 

*262. If a, 7i, — , 7„ are distinct, 

h • . . (7n)~(Q: 6 7i • 7i e 7s 7n « «) « V^. 

Proof. Let jS be new. 

*230 ‘‘a e d(yi) . . . (7it)~(a « 7i 7n « a) . = . 

a e V . (71) . . . (7„)~ (a e 7i 7„ « a)"'. (1) 

*180 1- '■(a) (a Rl) D.jSiV^. (2) 

*231 KC03)2D.(a)lD]262^ 

*263. If a, yi, ... ,yn are distinct, 

1“ ’’<$(371) • • • (37n)(ci: « 71 ■ 7 1 « 7s 7„ « a) i V^. 

Proof. *133, *123 

h ''($~(37 i) • • • (37n)(a « 7i 7„ e a) i V [.s 262P. (1) 

*259, *123 |- '"263 [= ip. 


§ 33 . Logical Product, Sum, Complement 

THE CLASS z{zex .ze y), which has as members the com- 
mon members of x and y, is called the logical product of x and y 
and designated by the abbreviated symbolism ‘x r\y’. 
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D18. r\ 17 )'^ for ^dt{a e f . a e 77 )''. 

The choice of a here is subject to the usual understanding: any 
variable foreign to f and 77 . 

The connective is of a new kind. Whereas ‘ [ \ \\ ‘v’, 
and ‘ s ^ join formube to make formulae, and *€* and * = ’ join 
terms to make formube, joins terms to make terms. Like all 
binary connectives, ‘ ’ is to be construed as carrying with it a pair 

of parentheses; and DI 8 has been fashioned accordingly. In 
practice, however, the parentheses will be dropped when there is 
no danger of confusion. 

The class z{z e x ,v, z e y), which has as members all the members 
of together with all the members of y, is called the logical sum of 
X and y. The class z(z€x), which has as members all elements 
except the members of a:, is called the complement or negate of x. 
Symbolically the sum and complement are rendered ‘a: ^ y' and 

D19. w 77 )'’ for e f .V. a e 77 )"^, 

D20. T for 

Thus, where x is the class of Americans and y the class of poli- 
ticians, r^ y is the class of American politicians; jv vy y is the class 
which comprises all Americans (politicians and otherwise) together 
with all foreign politicians; and x is the class of un-American 
elements. 

i'270. z ex r\ y z ex n z ey 

Proof. *230 (& D18) zexr\y>^.zeY,zex,zey 
tl91, *123 ^.zexnzey 

1271, {x){y){z) zex y n^lzex u^.zey 

Proof. *230 (& Dl9) zex y z eY: z e x z e y 

*100 = : z € V . z € .V. z € V . z € y 

tl91, *123 =:zex ,v,Z€y 

The analogue of t270 and t271 for negation, viz.: 

(;i;)(z) zex.^.zex 

is not forthcoming; on the contrary, z is a member neither of x nor 
of X (nor of anything else) in case z is a non-element. It is to 
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IT IS natural to regard any condition on one variable as deter- 
mining a class : the class of all entities x satisfying the given con- 
dition. Correspondingly it is natural to regard any condition on 
two variables* as determining a relation: the relation of any entity 
X to any entity y such that x and y satisfy the given condition. 
We have seen (§ 24), however, that this point of view is untenable 
in the case of classes; and the same is readily seen in the case of 
relations. For, suppose % is the relation of a; to y such that and y 
satisfy the condition "x does not bear the relation a: to y’. I.e., 

(1) W(y) ^ bears z to y .s r^{x bears x to y). 

Thence we have the self-contradictory consequence: 

(2) (y) % bears z to y .s bears z to y),^ 

In the case of classes the analogous difficulty was obviated by 
barring certain entities, the so-called non-elements, from mem- 
bership; in other words, by countenancing as classes only classes 
of so-called elements. A similar expedient suffices here: counte- 
nancing as relations only relations of elements. Instead of asking 
in general that there be such a thing as the relation of any entity 
X to any entity y. such that ... a: ... y ... , then, we ask only that 
there be such a thing as the relation of any element x to any element 
y such that . . . a; . , . y . . .. The difficulty encountered in (2) now 
disappears; for, where z is the relation of any element x to any 
element y such that '^(a: bears x to y), we have: 

(3) W(y) X bears z to y -s, y e V . ~(a; bears x to y) 
rather than (1). From (3) we obtain no contradiction, but only 
the harmless consequence: 

(y) z bears z to y z, y e V . ^(z bears z to y), 
and the corollary 'z i V’. 

The new abstraction prefix ‘the relation of any element x to any 
element y such that’ will subsequently be defined, and the appro- 

^ Pointed out by Russell, Principles, Appendix A. 
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priate laws will be established (§ 37); but first we must look to the 
general notion of relation. It is characteristic of a relation to pair 
elements off with elements according to one or another plan. 
The numerical relation less than^ e.g., pairs 0 off with 1, also it 
pairs 0 off with 2, also it pairs 1 off with 2, and in general it pairs 
X off with y wherever x < y. The relation father ofy again, pairs 
Abraham off with Isaac, and in general it pairs x off with y where- 
ever x is father of y. It is thus convenient to think of each relation 
as a class of pairs of elements. To say that an element x bears a 
relation z to an element y is to say, then, that x paired with y 
forms a member of z. 

This notion of pair now needs explicit formulation. It will be 
rendered symbolically in the fashion 'xyy\ read *x paired with y*; 
and we have now to frame a satisfactory definition of this notation. 
Since relations are to be classes of pairs of elements, these pairs 
must themselves be elements; otherwise we could not have classes 
of them. Here, then, is one demand which our definition must 
meet. Further, pairs must be conceived in a non-commutative 
fashion, as ordered pairs; they must be distinguished not only 
when they differ as to their constituent elements, but when they 
are formed from the same elements in reverse order. We must 
distinguish e.g. between Abraham paired with Isaac and Isaac 
paired with Abraham, for the former pair is wanted as a member of 
father of whereas the latter pair is not. But any notion of pair 
which meets these demands will serve our purpose. Now it will be 
shown that the demands are met by the following definition. 

D23. '"(f ^ 

According to this definition, xyy is the class whose sole members 
are ix and lx w ty. 

tilO. (Ar)(y)(z) z € x\y -s : z = .V. z - tjf ty 

Proof. 1348 (& D23) (z)410 [-. 359 . 360] 

These members lx and or w ty of x\y are respectively the class 
whose sole member is x and the class whose sole members are x 
and.y, in case x and y are elements (cf. 1^47, 1348.) 

The first of our demands on Ar;y, elementhood, turns out to be 
met independently of whether x and y are elements. 
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till- (;if)( 3 j) xiy^Y Proof: t360 (& D23) 

The other demand was that pairs of elements x*yy and always 
be distinct except where x and y are the same respectively as s and w» 
t417, which shows that this demand is met, will be reached after 
five preliminary theorems. 

t412. W W(y)(z) Xyy ^ D \ ix ^ a ix ^ vz ^ lw 


Proof. tl82 

IX = LX 

(4) 

*100 

[13 uf = uf .V. uf = w w ty 

(2) 

*223 

x;y = z;w J^Ilx €x;y .s. ixtz\w 


t410, *123 

3. [2 =] R412 


t413. (a')(*)(y)(z) 

x\y - z\w -3 : ur w ty - tz .V, Lv ^ ty = 

iZ IW 


Proof similar. 

t414. {w){x)(y){z) X eV ,x;y ^ z;w .D.x ^ z 
Proof. t358 ^ € V .3 : 12 = LT .s. a: = z (1) 


t412 x;y = z;w .3 : tz uc .v. tz * iat ^ ty (2) 

t35S € V , fcz =s wf w ty .3. x - z (3) 

*100 [1.2. 3. 3] 414 

Hitherto the use of *100 was restricted to cases where the com- 
plexity of the relevant tautologous form did not exceed a certain 
arbitrary limit (cf. § 17). Hereafter, for brevity, this restriction 
will be waived; it is already waived, indeed, in the last step of the 
above proof. The reader has observed the use of *100 through so 
many proofs that he will now usually be able, even in these more 
complex cases, to recognize tautology on reasonably brief ex- 
amination; and when there is doubt the method of tables is always 
available. 

t415. («^)(^)(y)(z) y € V . x;y = z',zo .3 : y.= z .v. y ^ w 


Proof. t355 

yeV. 

lx Ly ^ LZ .3. y = 2 

(1) 

t354 

yeV. 

LX ^ Ly - LZ \j LW \ y = z M. y = w 

(2) 

*100 

[413. 

1 , 2 .3]415 


t416. (a;)(jf)(y)(z) 

XyyjWeY, Xyy = z;zv .3 . y ^ w 


Proof. t415 

w c V , 

. x\y = z;w JDztv - x ^v.y = w 

(1) 

*223 

ZV ^ X 

-3 L414 3. tt; = z [:= 414] 

(2) 

*223 

w ^ z 

.3 :: L415 3 : y = w -v. y - w [.:= 415] 

(3) 

*100 

[1 . 2 

. 3 .3]416 
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t417. {zo)(x)(y)(z) x^y^w eV ^'^ix^y = zyio -s. ;v =* z . y « 
Proof, *226 y = w -D. x;y = (1) 

*22v3 X = z .D:. [Is;] y = ,D. A:;y = z;za (2) 

*100 [414. 416. 2. D] 417 

Two minor variants of t417 follow as corollaries. 
t418. («^) W(y)(z) x,y €Y D:w €Y n x;y = z;zo .s. a? = z , y = 
Proof, *223 y - a; .D: y e V .s, € V (1) 

*100 [417 , 1 .D]418 

t419, W(y)(z) x^y eY -D : z,w 6 V . x;y = z;w x = z , y - w 

Proof, *223 X ^ z Dvx eY .^.z^Y (1) 

*100 [418 . 1 .D]419 

Where ;c Is a relation, the statement that y bears x to z may 


conveniently be rendered In symbols as ‘A:(y,z)^ The way to 
define this notation is clear from foregoing considerations: it is to 
mean that y and z are elements whose pair y;z is a member of x, 

D24. '"(K’/j ^))'’ for '‘( 17 , ^6 V . ? 7 ; 0 € {*)"’. 

(The outer parentheses will be retained only after a circumflex.) 

Thus is short for ‘y, z e V - y;z € It may at first 

appear that the clause *y, z € V' to the effect that y and z are 
elements is superfluous here, since 'y;z € x' already implies element- 
hood of y;z. But actually the clause is not superfluous, for y;z is 
an element even when y and z are not (cf. t^H). Where y is not 
an element, we readily see from t343 and t297 that y;z reduces to 
lA w ttz; yet from ‘tA\^uz€x* we should not want to infer 
that every non-element y bears x to z, even though it is indeed 
trivially the case that y;z€;c. Again, where z is not an element, 
y;z reduces to uy; yet from ‘ay e x^ we should not want to infer 
that y bears x to every non-element z. Again, where neither y nor 
z is an element, y;z reduces to tA; yet from ‘lA €a:’ we should not 
want to Infer that every non-element y bears x to every non- 
element z. Trivial results are thus excluded by incorporating 
‘y, zeV’ into the definition of 'x(y,z)\ 

t420. (x)(y) Y{x,y)^.x,yeY 

Proof. *100 (& D24) Yix,y) ^.x,yeYZ. 411] 
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t421. (w) {x) (y) (z)’ xez. yew DY {x,y) 

Proof. tl90 X €Z,D,x eY (1) 

tl90 yewD^yeY (2) 

*100 [1 . 2 . 420 .D] 421 

t422. {w) {x) iy) (z) x C y, 3 n x{z,w) D y{z,w) 

Proof. *231 (& D21) x C y z;w e x .D. z\w e y 
*100 (& D24) D. x{zyw) D y(zyw) 

t423. WW(y)(z) (x r\ y)(zyw) s. x{zyw ) . yizyzv) 

Proof. t270, *123 (& D24) 

(x r\ y) (z,w) Zy w eY , z\w e x . z\w € y 

*100 (& D24) =. x{zyw) . y{%yw) 

|424. {w) {x) (y) (z) (x ^ y) (z,w) = . x(zyw) v y (z,w) 

Proof similar. 

Relations in the sense here considered are known, more partic- 
ularly, as dyadic relations; they relate elements in pairs. The 
relation of giving (y gives z to w) or betweenness (y is between z 
and w), on the other hand, is triadic; and the relation of paying 
(x pays y to s for w) is tetradic. But the theory of dyadic relations 
provides a convenient basis for the treatment also of such polyadic 
cases. A triadic relation among elements y, z, and w might be 
conceived as a dyadic relation borne by y to z;w. Actually there is 
some advantage in conceiving it rather as l dyadic relation borne 
by uy to z;Wy for this proves to simplify the conditions of element- 
hood for triadic relations (see Appendix). The analogue of D24 
for triadic relations would therefore assume this form : 

for 

Tetradic relations could be handled on the basis of triadic ones in 
similar fashion: 

V'> Oy d'))-^ for V, Byd'eY. f (utj, 

Similarly for pentadic relations, hexadic ones, and so on. How- 
ever, we shall have no occasion to proceed beyond the dyadic case. 

The notion of a relation as a class of ordered pairs goes back to Peirce (3.220, 
329), and the notation 'x-y’ to Frege and Peano. But Wiener (1914) was the first 
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to show that the ordered pair could be defined within the theory of classes. He took 
x;y as i{ux w tA) w tuy, though if it had not been for Russell’s theory of types he 
would obviously have adopted the simpler version l(lx lA) w uy. The alterna- 
tive version adopted in D23 is due to Kuratowski. 


§ 37 . Abstraction of Relations 

JUST AS the prefix ‘x’ of class abstraction corresponds to the 
words ‘the class of all elements x such that*, so the prefix of 
relational abstraction is to correspond to the words ‘the relation 
of any element x to any element y such that*.^ The relation /izrfor 
o/, e.g., can be expressed in terms of relational abstraction as 

xy(iz)(z € integer . a; x z y). 

The form of notation ‘jry ( . . . at . . . y . . . ) * is readily defined if we 
reflect that this relation is to comprise as members just those pairs 
x;y of elements such that , . . a? . . , y . . .. Anything z is to belong 
to xy{ ...Ac...y...) just in case 

(3ix)(3y){x, y € V . z = A:;y ac ... y 

The definition adopted is thus the following. 

D26. for ^y{3a)i3p)(a,^€V.y ^ 

Accordingly we have the following metatheorem. 

*430. If a and jS are free in neither f nor 77 , 

h (tyV) 77 € V , (3o{)(3^)(q: « f . ^ » t 7 . </>)\ 

Proof, t4rl 1 1“ ;77 € V"*. (1) 

*235 (& D25 & hp) 

1“ -s. [1 .] (3a)(3p)(ay /3 € V . f 577 « a;j3 . ( 2 ) 

t419, *117 (& hp) 

V .D(a:)(^)(o£, |3 € V.f;77 * a;i8.=- a = f , /3 = 77 )’’ 

' This notation was adapted from Frege by Russell. My reference to element- 
hood, in interpreting the notation, is of course a departure. 
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*121 D : [2 ^.] L2 s Oa)micc = f . iS = ^ (3) 

*100(&D24) 1-'"[3D]430^ 

In practice the notation will appear only where a and p 

are distinct variables. No such explicit restriction needs be im- 
posed, however, because the desired metatheorems governing 
turn out not to be violated by the case ^ad<f>\ We find 
that xx( ,,, X .. .) is the relation which each member of x(, • .x 
. . . ) bears to itself. 


* 431 . h r = n - r € dcp. 

Proof. Let a! and jS be new and distinct, and let be formed 
from <t> by putting a' for all free occurrences of a. 

*430 j- ^dd<l) (oi\ a', /S € V . (3a)(3a)(a = a\ a — 0 , 0)'* 
*137, *123 s. «',/?€ V. (3a)(a = a' . a = /3. 

*234b, *123 s. Of', € V . Of' = 0 . <#>'■« 

*228, *123 Of', a' e V . a' « 

*100 =.Qf' -i8.af'€V.(i>''‘ 

*235, *123 s. a' = . o' e d<t>\ (1) 

*233 hT(«')Wl3>3r. 

Thence we have the following corollary. 


*432. h ^dd(t> (f ,f ) - . r € d<l>\ 

Proof. tl82 = (1) 

*431 h (f»f) =• [1 •] r € 


Since xy{ . . . X . . . y . . .) is the relation of any element ;; to any 
element y such that . . . x . . . y . . . , any entity x will bear the re- 
lation to any entity y if and only if x and y are elements and 
. . . a: . . . 7 . . .. That the closures of such biconditionals are theo- 
rems* is established in the following metatheorem. It is the ana- 
logue, for relations, of *230. 


*433. h d^<t> {a.P) s. Of, jS € V . 

Proof. Case i: ol is jS. 

*432 \- ^dd<t> (of,of) Of € d(tP 

*230 s. Q:eV.«^)■' 

*100 =. a, aeW .<i>\ q.e.d. 


Case 2: a is not jS. Let of' and /5' be new and distinct, let 4>' be 
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formed from <f> by putting a' for all free occurrences of a, and let 
<()" be formed from <#>' by putting for all free occurrences of j8. 

*430 |- (a',j8') s. q;', jS'e V . (3a) (3/3) (a = a' . = /S' . 0)'' 

*158, *123 ^.a',/3'€V. (3a) (a « a',(3iS)(^ = 

*234b, *123 =. a', € V . (3/3)(/5 * 13 ' . <l>'y 

*234b, *123 (1) 

♦233 D]433\ 


The principle embodied in *433 has the following as its more 
general formulation. This is the analogue of *235. 


*434. If yjf is like 4> except for containing free occurrences of f and ti 
in place respectively of all free occurrences of a and jS, then 

h (f>^) f? >7 € V . 

Proof. *233 (& hp) h [(a)(/3)433 D]434\ 

The following is the analogue, for relations, of *314. 

*436. ^(a)(p)(4> D ^)D. C 

Proof. Let y be new. 

*100 !-'"<<> D^.D:a, /3 €V .7 = o£;/3 . p .3. a, /S € V . 7 « a;0 , yp. (1) 

no2 k[Wi=>- 3 W(<^3V')3 (^)Rr 

*149 D. (3^)LR1 D (30)RRr. (2) 

Similarly, from (2), 

h ^(a)(/3)(« 3 ^)3. (3a)(3/3)LRl 3 (3a)(3/3)RRr. (3) 

(3), *117 ^)3(7)((3a)(3^)LRl 3 (3a)(3^)RRl)" 

*314(&D25) 

The iterated use of and *R', as above, is self-explanatory; 
‘LRl^ e.g., stands as an abbreviation for the matter: 

a, /3 € V , 7 « Q';i8 . <#) 


which stands to the left of the main connective in the expression: 
a, /5 € V . 7 = q:;/ 3 . .3. a;i3 e V . 7 » a;j8 . ^ 

for which *Rl' stands. (Cf. §24.) 

The analogue of tl89, viz. ^{x){x = yi{x(y,z))) \ is readily seen to 
be false; for the relation yz{x{y,z)) will have only pairs of* elements 
as members, whereas x itself may have some non-pairs as members 
besides. The relation yz{x(y,z)) is rather the relational part of x 
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— the class of all those members of x which are pairs of el^Ai^ts. 
It is the largest relation included in x, and it coincides 
only in case x is itself a relation. It will be referred to briefly as x. 
When we are concerned with a complex expression in place of ‘at’ 
the superior dot may conveniently be placed at the beginning; 
e.g*, (x ^ y) The following definition is accordingly adopted. 

D26. rfH or /or 

The following theorem and metatheorem reveal positions from 
which the dot is suppressible. 

t436. (x)(y)(z) x(y,z) = x(y,z) 

Proof. *433 (& D26) i:(y,z) ^.y^zeV • x(y,z) 

*100 (& D24) s xiy,z) 

*437. h 

Proof. Case i: a is not j3. 

*‘433, *188 h L433 - 6l^ R433'’ 

*100, *188 (& D25) » (1) 

*171 (&D26) 1-''[1 =]437\ 

Case 2 : a is jS. Let 7 and 5 be new and distinct. 

*137, *188 (& D25) |- = 5(3a)(a, a € V . 5 = a;a . 

*234b, *188 (& D25) - . a = 7)“* (1) 

*437 (Case 1) . = - a = 7)"^ 

(1), *227 - 

Use of t436 and *437 will be tacit; dots will simply be dropped, 
without comment, from the positions and 

(Cf. proofs of t446, t^7.) This practice is still followed when the 
relevant context or is concealed under defini- 

tional abbreviations. E.g., the second dot in ‘i’ would be dropped 
by tacit use of *437 on the ground that it has the position 
“ yz x(yyz) * when ‘x:' is expanded by D26. (Cf. proof of t450; also 
§38.) 

The relational part V of V is the universal relation — the rela- 
tion which every element bears to every element. It is the class 
of all pairs of elements. 

t438. V = :v(3y)(3z)(y, zeV .x y;z) 
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Proof, t420, *188 (& D26) Y^yz{y,zeV) 

♦100, *188 (& D25) = R438 

The following two theorems provide alternative renderings of x, 
’j•439. (at) x^yz(y;z€x) Proof: *100, *188 (& D24-26). 

t440. (x) X ^ X 
Proof, *228, *123 (& D25) 

[439 = a^(3y)(32)Cv, zeV ^ y^z.zv ex) 

*158, *188 == w(3y)(w € X . (3z)'(y, zeW .w ^ y;z)) 

*158, *188 = w(z(j ex . (3y)(32)(3;, z « V . w; = y\z)) 

*245 ~ w{w ex .w ew{'^y)(f^z){vy zeW ,w = v; 2 )) 

t438, *227 (& Dl8) = .v rN V 

The relational part A of A is simply A. The null class and the 
null relation are the same. 

t441. A « A 
Proof, t440 A = A V 
t298 * A 

To say that a? is a relation is to say that all members of x are 
pairs of elements. Thus a convenient symbolic rendering of \x is a 
relation' is ‘at C V’- Another is ‘a: =* x'. The following theorem 
establishes the equivalence of the two. 

1442. (x) X C Y X ^ X 
Proof, t323 xCV- = *-x«ArrNV 

t440, *224 s.a: * X 

Since a relation is merely a class of pairs, the notion of class 
inclusion applies to relations in obvious fashion. The relation of 
father, e.g., is included in that of parent. The following four 
theorems deal with inclusion of a relation x, 

t443. (a:) X C a: 

Proof, t316 X rsY C X (1) 

t440, *224 443 [=1] 

‘|'444. (x) C V Proof similar. 

t446. (x)(y) xCy.^.xCy ^ 
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Proof, t331 X C V [- 444] .s. x Cy 
t440, *224 ' ^.^Cy 

t446. (x){y) X Cy (z)(u;){x(z, u;)D y{z, w)) 

Proof, t‘i22, *117 X C y D R446 (1) 

*435 (& D26) R446 3, xCy (2) 

*100 [1.2. 445 .3] 446 

In the first line of the above proof, note the tacit transition from 
'oc(z,zv)' to 'x(z,zv)\ This illustrates the convention which was 
adopted in connection with t436. The first line of the next proof 
is similar. 

t447. {x)(y) X ^ y (z)(w)(x(z, w) s y(z, w)) 

Proof, *223, *117 x = y .3 R447 (1) 

*186 (& D26) R447 3.x ^y (2) 

*100 [1.2. 3] 447 

Since each relation x is identical with x (cf. theorems 

containing dotted variables may be read simply as theorems about 
all relations. The dot on a variable serves, in effect, merely to 
confine a law to relations. t444, e.g., may be read as saying that 
every relation is included in V; and t447 may be read as saying 
that relations are identical if and only if they hold between just 
the same things. 

The notions of logical sum and product, like that of class in- 
clusion, apply to relations in obvious fashion. The sum of the 
relations father of and mother of, e.g., is the relation parent of’, 
and the product of the relations of and parent of is the relation 
fo 7 id parent of. The first and third of the following theorems show 
that the sum of the relational pafts of two classes is the relational 
part of the sum and that the product of the relational parts is the 
relational part of the product. 

t448, (;c)(y) x y = ^ v) 

Proof, t288 (V ^ at) w (V y) n.{x^ y) (1) 

t440, *224 448 [= 1] 

t449. {x){y) X r\y =^\x y) 

Proof similar, using t^86. 
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t 460 . (x)(y) ,%* r\ y « '{x r\ y) 

Proof, y: r\ y - *(x y) 

t44<), *227 * = -{x rs y) 

In this last step, note the tacit transition from 
to "(x ^ y)’. This illustrates the convention explained earlier. 

The last two of the above theorems show that the dot may be 
applied to a product or to either or both factors indifferently. But 
the analogue of t449 for the logical sum does not hold. 

The definition D25 of relational abstraction might equivalently 
have been formulated in the fa.shion: 

D26'. for ’’ 7 ( 3 a) (3)3) (ty 

in view of the theorem: 

{x){y){z) a (xry) a:, y € V . s = .v;y. 

Proof, *235, *123 (& D22, 24) 

LZ (jv,y) s. A?, y c V [, 411] . .v;y « z 

The variant D25' recommends itself if one is seeking a model for 
definitions of abstraction of polyadic relations. The following 
definitions would serve for the polyadic cases (see end of § v56). 

for ^5(3a){3fi)i3y){L5 (a, )3, 7 ) 

^6l^yd<l>'^ for ^(5t'{3a)(3(i)(3y){3d)(La ia, /3, 7 , d) . </>)\ 
etc. 


§ 38 . Ccnverse^ Projection,, Relative Product 

THE CONVERSE Jc of a relation x is the relation which y bears 
to z just in case A:(z,y), Where x is the relation parent of, x is 
child of; where x is greater than, x is less than; where x is zbove, x 
is below. The pairs belonging to x are those of x with their order 
reversed. 

D 27 . T or for ^<$/3(f(^,a))^ 

The breve like the superior dot of D26, is placed at the be- 
ginning in complex cases; e.g., ‘"(a; /-n y)’. 

We thus have the following theorem. 
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t460. W(v)(z) ^ x(z,y) 

Proof, *433 (& D27) x(y,z) =. y, z e V. x{z,y) 

*100 (& D24) = x(z,y) 

The converse of the converse of anything x is the relational part 
of x; and thus the converse of the converse of a relation is the re- 
lation itself. 

1461* (x) X = X Proof: t460, *188 (& D27, 26). 

In view of the convention explained in connection with t436 
and *437 (§37), the dot is regularly dropped from the positions 
‘’j'"’ and alike; for these contexts are abbreviations respectively 
of ’"ajS f(i3,a)~’ and 6i$ f(/3,a)'‘, and thus involve the dot in the 
conventionally suppressible ways and Instances 

of this practice appear in the last lines of the next two proofs. 

t462. (jv)(y) xCy,^,xCy 

Proof. *119, *123 [446 s:] x C y (‘^(^){z){x(zyw) D y(z,zcO) 

t460, *123 s M(z)(x(z(;,z) D y(a?,s)) 

t446 X C y 

The above theorem shows that inclusion on the part of relations 
is equivalent to inclusion on the part of their converses. Three 
corollaries follow. 

t463. (jv)(y) X C y . = . x C y 

Proof. 1-^62 xCy.=.xCf 

t461, *224 X C y 

t445 s. X C y 

t464. (:v)(y) xCy,D.xCy 

Proof, tdll [443.] X C y .D. X C y 
t462 D.xCy 

t466. (x)(y) X C y .D. Jc C y Proof similar, using t463. 

The projection of a class y by a relation x, briefly the x-projection 
of y, symbolically x"y» is the class of all those elements which bear 
X to one or more members of y. Where x is the parent relation 
and y is the class of violinists, x^'y is the class of parents of violin- 
ists. The members of x'^y are the first elements of all those 
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element-pairs which belong; to ,r and have as their second elements 
members of y. 

D28. . IS ‘ 

We thus have the following theorems. 
t466. ix){y)iz) z e x'y (3«0(a'(w) . tv e y) 

Proof, *230 (& D28) z e x'y z e V . (3«0(A:f2i.?4j) .wey) 
*lsS8 Hs (3«0(z « V , x(z,zv ) . w € y) 

*100 (&£ D24), *123 ^ 6 y) 

1467. (o^) {x) (y) (z) x(z.tv) .wtyD.Zi x**y 
Proof, *13vS x(z,w) . w € y -D (3‘:4^)(;t(s,:c) . :v e y) 

t466 0nZ€X^y 

1468. (x){y)(z) x*^y C z {to){w')(x(tv,u'') . tv'^y ez) 


1468. W(y)(z) AT^'y C z.^ {tv)(w')(x(tv,tv') . tv'^y D.w ez) 
Proof, 

t466, *123 (& 1)21) x^*y C z»^ (t4^)((3w>')(A-'("^SiJi*0 • «^'ey) ’^.zvez) 
*161, *123 s R468 

■|’469. {x)(y){z) X C y .3. x**z C y**z 
Proof, t422 X C y .3. x{w^zv*) 3 y(ix>,tt/') (1) 

*100 [1 .]\v C y . x{zv,w*) . w* ^ z .3. y(?4>,?4’') . «/e z 

t467 ' 3.cc€y''2 (2) 

*100, *117 X Q y .3 {zv){to'){\^l .] xizv.zv^) . tv* t z .3. w e y**z) 
t468 * 3./'zCy''z 

t470. (A0(y)(z) y C z D. x**y C x^z Proof similar. 

De Morgan remarked that traditional logic was inadequate to 
proving the statement ‘If horses are animals then heads of horses 
are heads of animals.^ This statement is an instance of t470. 

The next two theorems are distributive laws. They show^ e.g. 
that the parents of violinists comprise the fathers of violinists and 
the mothers of violinists, and that the wives of classicists comprise 
the wives of Latinists and the wives of Hellenists. 

1471. (x){y){z) {x w y)”z * {x*z) ^ (y'‘z) 

Proof, t424, *188 (& D28) 

{x \j yY^z * wif^w*){x{w^w*) V yiw^w*) *w*ez) 

*100, *188 c* w{liw*){x{w^w*) f w* € z .V. y{w,w*) . w* € z) 
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= w{Qw^){x{w,w ') . w'^ z) V (3uf')(y (zv,w ') . 

w'ez)) 

t466, *188 (& D19) = (x^^z) ^ (y^^z) 

i'472. (x){y){z) x^\y z) = (x‘y) w (x^^z) Proof similar. 

The practice of telescoping duplicate steps, adopted hitherto 
(§ 32) in connection with *123 and *224, will be usual also in con- 
nection with *188, *227, and *245. The last line of the proof of 
i’471, e.g., is a condensation of the following two lines: 

t466, *188 == w{zv e x\ -V {^w')(y{w,w') - tv' t z)) 

t466, *188 (& D19) = {x‘'z) w {y'z) 

Distributive laws parallel to t471 and t472 do not hold for the 
logical product. The statement: 

W(y)W (at ^ y)”z = {x'z) r. {y'z) 

is seen to be false by taking x as the relation older than, y as brother 
of, and z as the class of sailors; for (x rs yY^z then becomes the 
class of elder brothers of sailors, whereas {x‘^z) r\ {y^z) becomes 
the class of all persons who are at once older than some sailors and 
brothers of some sailors. Even the younger brother of a sailor will 
belong to the latter class, so long as he happens to be older than 
some other sailor. Again, the statement: 

{x){y){z) x'*{y r,z) ^ {x'y) {x'z) 

is seen to be false by taking x as the relation of benefiting, y as the 
class of cripples, and z as the class of musicians; for x'\y r\ z) then 
comprises just the benefactors of crippled musicians, whereas 
{x'^y) r\ {x‘^z) takes in also any person who happens to have 
benefited both an unmusical cripple and an uncrippled musician. 
The next theorems explain projections involving A and V. 

t473. {x) .\!‘x = A 

Proof \\92 y; 2 iA (1) 

*100 (& D24) [1 3] (A(y,z) .ztx) (2) 

*131 ^(3z)(A(y,z) . z € ;t)[= (z)2] (3) 

*194(&D28) C(}03 3]473 

t474. (x) x'A = A 


Proof similar. 
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|476. (x) Y“x ^ y(x 9 ^ A) 

Proof, 1420, *188 (& D28) T'x = y(3z)(y, zeV.zex) 

i*191, *188 = 3)(3z)(y eW ,zex) 

*158, *188 = yCv e V . {3z){z^x)) 

*246 = y('3z)(2;€A:) 

t252, *188 = y{x 9^ A) 

t476. {x) xy - y{3z) x{y,z) Proof: *100, *188 (& D28, 24). 

In view of t475 and *253'-*254, V“a; Is A or V according as x is 
or is not A. On the other hand is, in view of t476, the class 
of all elements bearing x to something. This class is called the 
domain of x. Where x is the parent relation, its domain x'Y is 
the class of all parents. 

t477. (:v)(y) y e x'V (3%) A;(y, 2 ;) 

Proof. t466 y € x**Y .= (3z)(Ar(y,2) . z e V) 

*100 (& D24), *123 s (3z) x{y,z) 

Projections of unit classes play an important role. The jv-pro- 
jection of lz is simply the class of all elements bearing x to z. 

t478. {x){z) x\z = y(;v(y,z)) 

Proof. t345, *188 (& D28) x\z = y^w){x{y.,w) ^zeW.zv ^ z) 
*234b, *188 = y{x{yyZ) . z e V) 

*100 (& D24), *188 = y{x{y,z)) 

t479. (y) ye x^\z -= xiy^z) 

Proof. t478, *224 y e x^\z y e y{x{y,z)) 

*230 =. y € V . :v(y,z) 

*100 (& D24) = x{y,z) 

The projection of y by x^ i.e. x^^y^ might be called the retrojection 
of y by X. It is the class of all elements to which members of y bear 
X. Where x is parent and y violinists, x^y is the class of all children 
of violinists. 

t480. (x)(y) x'y = iv{3z){x{z,w) - z e y) 

Proof; t460, *188 (& D28). 
t481. W W(y) ^ e x*y -= (3z)(x{z,w) •zey) 

Proof. t466 w e x*y (3z){x{w,z) •zey) 

t460, *123 [1 =] 481 


( 1 ) 
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‘z € V . zix*, and not just ‘z i x \ that ‘z e x* is equivalent (cf. *230, 
D20). 

In the proof of t270 the conjunction ‘z e V . z e . z € y * is con- 
strued first as ‘z € V: z € :v . z 6 y ’ and then as 'zeW zex :z€ y\ 
A tacit transformation according to *100 is thus involved. It is 
natural to leave such re associative transformations tacit in the 
case of conjunction, thus treating ^ . x"* in effect as '“0 . ^ : x'^^or 
. x"* at convenience; and siinilarly for alternation. 

Products, sums, and complements of elements prove to be ele- 
ments : 

■t‘272. W(y) x^y €Y Dn X rs y 

Proo/: *200 (& D 18), since ‘zeAr.zey’ is stratified (witness 
‘Oel-Oel’). 

t273. {x){y) y € V .D. X y € V Proof similar. 

t274. {x) ;c€V.=.x€V 

Proof. *224 X eY y(y ex) eY 
*259 (& D20) =.zeY 

Corresponding to all tautologous biconditionals involving 
\\ and 'v’, it is easy with help of *245 to derive theorems of 
identity involving ‘ rN and * The first seven of the follow- 
ing theorems, e.g., correspond to the tautologous forms (2)-(4), 
(7), (8), (10), and (11) of §11. 


t276. 

(x) 

X = X 

t276. 

W 

X = X r\ X 

t277. 

(*) 

H 

tl 

C 

t278. 

WCv) 

X ry y = y r\ X 

t279. 

ix)(y) 

X ^ y = y X 

t280. 

Miy) 

X r\y - X \j y 

t281. 

WCy) 

X y = X r\ y 

t282. 

W(y) 

X r\ y ^ X \j y 

t283. 

W(y) 

X Kjy ^ X r^y 

1284. 

WCy) 

xr>.y = {xKjy)r^y 

t285. 

W(y) 

XKJy^{xr\y)^^y 

t286. 

ix)iy)(z) 

C 

11 

c 

c 
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t287, W(y)(z) (x ^ y)s^ z X iy ^ z) 

t288. (x){y)iz} X r^(y z) (x y)^(x z) 

t289. ix){y){z) X K^(y r\z) ^ (x ^ y)r\(x w z) 

The proofs of such identities follow a fixed pattern. It will 
suffice to exhibit two samples. 

Proof of ^215: tl89 x^y(yex) 

*100, *188 = y^^(y e x) 

*245 (& D20) = I 

Proof of t283: *245 (& D19, 20) x y =- z^iz e x .v. z e y) 
*245 (& D20) = ex ,\/.ze y} 

*100, *188 ^z{zex,zey) 

*245 (& D20, 18) - X r\ y 

The stacking of identity signs, in the above proofs, is subject to 
conventions exactly parallel to those which govern the stacking of 
conditional and biconditional signs (§ 17). Just as the inferences 
involved in the latter two procedures are justified respectively by 
*113 and *114, so the inference involved in the stacking of identity 
signs is justified by the principle: 

If h = f2”^, h ‘"^2 = fa"’} ••-}!“ ’’fn-l = fn"*} then |- ‘"fi * fn"’. 

Proof hp 1 [- '"fi = f 2 ’’- (1) 

hp 2,*224 h"D^-]fi = f3". (2) 

hp 3, *224 h ’’ [2 =-] fi - fA and so on. 

In metatheorems or theorems cited by starred or daggered 
numerals in the course of proofs, the distinction between ^<t > , 
and will hereafter be disregarded; and likewise the dis- 

tinctions between ''</> v and v between '’</> s \jP and 

s between ‘"f = rf and = f"', between '’f rp and 

r\ f"*, and between ^f ^ rp and w f"*. This procedure in- 
volves tacit transformations according to *100 (and *123) in the 
case of ‘v*, and ‘ s’; according to tl83 (and *123) in the case 
of ^ = and according to 1278 or t279 (and *224) in the case of 
‘ ’ or ‘ Instances of this practice appear in the last lines of the 

above proofs of t275 and 1283, where the ** 0 ^= dx~' of *245 is 
treated as ^dx = This innovation is to apply only to cita- 
tions by starred or daggered numeral; divorced of its star or 
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dagger and used as an abbreviation, the numeral continues to stand 
for just the original expression without modification. 

t275 is the law of double negation; t280“t283 embody the class 
version of De Morgan's law; and t276-t279 and t286-t289, by a 
natural extension of the terminology applied earlier (§11) to 
statement composition, are said to affirm the idempotence, com- 
mutativity, associativity, and mutual distributivity of logical 
multiplication and addition.^ 

The next two theorems, which have the form of biconditionals 
rather than identities, are analogues of the tautologous forms (17) 
and (18) of § 11; analogues in a different way, however, from the 
way in which t275-t289 are analogues of (2)'-(4), (7), etc. 

'i■290. (^)(y) X = y -s. X = y 

Proof. 

tl91, *123 (& DIO) X ^ y iz)(z eY . z e x z eV . z € y) 
*100, *123 = (z)(z eY .Dlztx .s. zey) 

*244 (& D20) X = y 

t291. ix)(y) X - y 5 « y 

Proof. t290 X - y x « y 

t275, *224 X = y 

Unlike the identities, however, not all the statements which are 
analogous to tautologous forms in this broader fashion are true. 
The analogue: 

(x)(y) X 9 ^y,^.x^y 

of the tautologous form (13), e.g., is false. Its truth would require, 
for every choice of y, that the only entity other than y be y; 
whereas we can easily prove e.g. that z(A e z) is neither A nor A. 

The next eight theorems bring logical addition, multiplication, 
and negation into relation with V and A. 

t292. A ^Y 

Proof. *193 (& D20) [(Ar)192 D] 292 

^ Historically it is rather the application to statement comp>osition that con- 
stitutes an extension. The terminology first developed in application to term con- 
nectives as in the present section. 
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1293. V = A 

Proof. t291 [292 =] 293 

■)■294. (jc) X X = A: 

Proof. *230 {k Did) y eSt y tV .y lx (1) 

*100 [1 D]~ iy ex.yez) (2) 

*194(&D18) [(y)2D]294 

1296. (;«) X \jX = V 
Proof, ■t'282 X X ^ ^r\ X 

t294, *227 = A 

t292 = V 

t296. (x) X r^V = X 

Proof. *246 (& D18) x r\V = y{ytx) 
tl89 ■ = * 

1297. (x) X ^ A = X 

Proof. n92 ylA (1) 

*100, *123 [189 s.] = y{y e x .w. y e A [.I]) 

(q.e.d.; cf. Dl9) 

f298. (x) X ry A = A 

Proof. ■\m ylA (1) 

*100 [1 3] ~ (y « ;c . y € A) (2) 

*194(&D18) [(y)2 3]298 

t299. (x) X w V = V 

Proof. *100 y « V .3 : y « X .V. y < V (1) 

*249 (&D19) 299[s(y)l] 

The notions of logical sum, product, and complement and the theorems t27S- 
f299 belong to the old “algebra of logic” mentioned in § 1. The above method of 
deriving this class algebra from the theory of statement composition is essentially 
Peano's. When inclusion and abstraction are taken as primitive (cf. § 23), on the 
other hand, the theory of statement composition becomes simply a case of the 
algebra of classes; cf. my System, Ch. XII. For postulational analyses of this 
algebra as a segregated system see particularly Huntington (“Sets,” “New Sets”) 
and Stone. 
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§ 34 . Inclusion 

IF ALL members of x are members of y, then x is said to be included 
in y; symbolically, x C y. The definition is thus: 

D21. for ^(a)(a€f 

where a is foreign to f and 17. The sign ‘ C ’ answers to the word 
‘are’, in such contexts as ‘Cats are animals’ (i.e., ‘The class of 
cats is included in the class of animals’). 

Inclusion must be distinguished carefully from membership. 
Where x C y it may or may not be the case that x e y, and where 
^ e y it may or may not be the case that x Cy. The class of cats, 
e.g., is included in the class of animals but is not a member of it; 
i.e., each cat is an animal but the class of cats is not. On the other 
hand the class of Mormons is a member of the class of Christian 
sects but is not included in it; it is true that the class of Mormons 
is a sect but false that each Mormon is a sect. Cases do arise, 
however, where x C y and at the same time x ey; e.g., any element 
X is both included in V (cf. t333) and a member of V. 

Like identity, inclusion is reflexive and transitive. 

tSlO. {x) xCx Proof: *100 (& D21). 
fSll. {x){y){z) x(iy^yCzD,xQ.z 
Proof. "^100 to ex .D.w €y Izc ey -D- w ezlD I zv ex -D- zo ez (1) 
*102 (& D21) [(«/)! D :'](zo)(w ex ,D.weylw ey ,D.zu€z)DnX C z (2) 
*140, *123 (& D21) [2 s] 311 

But inclusion is not, like identity, commutative (symmetrical). 
Far from being equivalent, ‘x C y’ and ‘y C x’ are incompatible 
except in the reflexive case where y is x. This appears in the 
following theorem, according to which mutual inclusion is identity. 

t312. (x)(y) x = y.--xCy.yCx Proof: *140 (& DIG, 5, 21) 

The following metatheorems relate inclusion to qu^tification 
and abstraction: 

*313. If a is not free in.^^ [- ^(o:)(a € f ,3 <#►) ^- f C dip. 
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Proof. ( 1 ) 

*100, *123 h ^{a)ia € f -D [:!]) - (a)(a € f .3. a € V . 

*230, *123 • = (a) (a € f .3. a € d(l>y 

*171 (& hp & D21) f C dcl>\ 

*314. 

Proof. *100 [- '’0 3 ^ .3 : a € V - <<> ,3 

*230, *123 D:a€d<l>.D4^\ (1) 

*102 [- T(<^)1 '^•Hol){(I> 3 3 (a) {a e d<t> .3 

*313 :>.d<l>C dil/\ 

*316. // a is not free in f, [- '’(oj)(0 3. a € f) 3. <S<;> C 
Proo/. *314 [- ^(a)(<A 3, a 6 f) 3< (S<^> C € f.)"^ 

tl8Q, *224 (& hp)i D.d<l>C^\ 

The conditionals described in *314 do not in general hold as bi- 
conditionals; ^(a)(<^> 3 is stronger than ^d(j> C Truth of 
3 requires that all entities fulfilling the condition ^ 
fulfill whereas truth of ^d<l> C d^P requires merely that all 
elements fulfilling <l> fulfill ^|/. Similar reasoning accounts for the 
conditional character of *315. Note on the other hand that *313 
carries the biconditional. 

The next two theorems, analogues of the tautologous forms (5) 
and (6) (§ 11), show that logical products are included in their 
factors and logical sums include their summands. 

*|'316. (^c)(y) X r\ y C X 

Proof. *100 zex .zey D.zex ( 1 ) 

*315 (& D18) [(z)l 3]316 

t317. (x) (y) X C X ^ y 

Proof. *100 Z€X Dlzex uV.zey (1) 

*313 (&D1.9) l{z)l =]317 

The next three theorems, embodying the class version of the law 
of transposition^ are analogues of the tautologous forms (14)--(16). 

1318. lx){y) xCy y Cx 

Proof. *313 (& D20) x C y (z)(z € a; -3. z 6 y) 

^ The hypothesis is needed along with tl89 to justify » cc{ot e f)"*. 
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*100, *123 ^(z)(zey,D.zex) 

*313 (& D20) =.yCx 

t319. WCy) X C y y Cx 

Proof, t27S/*224 xCy.^.xQy 
t318 ^.yCx 

t320. {x){y) xQy.^.yQx Proof similar. 

The ^x C y* and C y’ of t318 and '\32Q amount respectively 
to saying that the classes x and y are mutually exclusive and that 
they jointly exhaust all elements. This is apparent from the 
following two theorems. 

t321. {x)(y) X Cy ^ ^ y = A 

Proof *313 (& D20) x C y .= (z)(z€x .D. zey) 

*100, *123 = {z)'^izex.z€y) 

t270, *123 - (%)izlxr^y) 

t251 X r\ y ^ Ji 

t322. W(y) X Cy .s. X y 

Proof, *230, *123 (& D20, 21) xCy (s)(z tV .zlxD.z^y) 
*100, *123 s {z){z€YD\zexM.%ty) 

*249 (& D19) = . a; w y - V 

The next two theorems, analogues of the tautologous forms (21) 
and (22), show ways of paraphrasing an inclusion as an identity. 

t323. (^)(y) X Cy -=- X ^ X ry y 

Proof. *100, *123 (& D21) x Cy = (z)(z c x .s. zex . zey) 
t270, *123 (& DIO) =. at- = ;c ^ y 

t324. (^)(y) X C y y - X Kj y Proo/ similar. 

The following variants are occasionally of use. 
t325. (x){y) X C y -=- x = (x ^ y)r\ y 

Proof t284, *224 [323 =] 325 

t326. (^)(y) X Cy y ^ (xr^ y)w x 

Proof t285, *224 [324 =]326 

t327. (x)(y) X Cy .s. y ~ (y w x)r^ x 

Proof t318 X C y y C X 
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t325 s . y = (y J) r^ 



t275, *224 =.y = (y ^x)rsx 


t328. 

{x)(y) a: C y . = . AT = (y a:) y 



Proof similar, from t326. 

The next four are analogues of the tautologous forms (28), (29), 
(42), and (47). 

t329. (^)(3’)(2i) xCy,D.xr\zCyr\z 

Proof, *100 ^€X.D,w ey zD:zoex.zvez.D,zu€y,wez 

t270, *123 D:z(;€Xr\z,D,zo€yr\z (1) 

*102 (& D21) l(w)l D]329 

tSSO. (^)(3')(2i) xCy.D.XKjzCy^yZ Proof similar. 

fSSl. (x)(y)(z) X C y ^ z x C y , x C z 

Proof. t270, *123 (& D21) 

X C y rs Z ^ (w) (zv € X ,D, ZO € y , ZO € z) 

*100, *123 s (w)(zc; ex mD.zo ey Iw ex 3,w ez) 

*140 (& D21) ^.xQy.x Cz 

t332. (^)(y)(2i) X y C z X Q z n y Q z Proof similar. 

Note, on the other hand, that the analogues: 

(a:) (y) (z) AT C y w z , = : ;c C y .V. a: C z, 

(a;) (y) (z) a: o y C z . = : a: C z .V. y C z 

of (43) and (46) are false. 

V and x\ have the respective peculiarities of including and being 
included in every class. 

t333. (a:) a: C V Proof: fl^O (& D21). 

t334. (x) A Cx 

Proof 1323 334 [= 298] 

Thence we have two corollaries. 


t336. (x) 

Proof t312 
t336. (a:) 

Proof t312 


V C AT -s. X 

[333 .] V C AT -s. jv = V 
a: C A a; ~ 
a; C A [. 334] . a; = A 
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Although many of the classes included in a class x may be mem- 


bers of x, the 
members. 

following theorem shows that they cannot 

all be 

t337. (x) 

(3y)(y Cx .vex) 


Proof. *100 

zex . zez .D. z ex 

(1) 

*315 

[](s) 1 D £(z € .3^ . Z € s) C X 

(2) 

*235 

L2 € L2 . = , L2 c V . L2 € jc • L2 e L2 


tl91, *123 

L2 6 a: . L2 € L2 

(3) 

*100 

[^3 3-3 L2 e 

(4) 

*232 

[2 . 4 .3] 337 


A, for example, is included in A but is not a member of A; 
any non-element is included in V but is not a member of V. 

again 


The sign ‘ D ’ was used for inclusion by Gergonne as far back as 1816; Russell 
has reversed it to distinguish it from the conditional sign. Most of the theorems 
of the present section were known to Peirce and Schroder. 

The distinction between inclusion and membership became fully clear only with 
the advent of quantification theory; it was clear to Frege in 1879, to Peano in 1882, 
to Peirce in 1885 (3.396). But in a tentative form the distinction existed in tra- 
ditional logic as a distinction between “distributive'' and “collective predication,” 
drawn to resolve the fallacies of composition and division (e.g. Peter is an Apostle, 
the Apostles are twelve, therefore Peter is twelve). 


§ 35 * Unit Classes 

THE CLASS whose sole member is is called the unit class of 
Xy and designated by the abbreviated symbolism ' 

D22. •'tr for ^d{a - f)''. 

The first theorem shows that xis 2 . member of y if and only if lx 
and y are not mutually exclusive. Two corollaries follow it. 

t340.^ {x){y) X ey IX y 9 ^ K 

Proof. *234b x ey (3z)(s — x .zey) 

^ The notation is Peano's; ‘t' is for The distinction between i.v and x 

seems first to have been drawn explicitly by Frege in 1893 and Peano in 1894. 
See end of § 25. 

* Note that ur\yis the product of lx and y, whereas tCv r\ y) is the unit class 
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tl91, *123 s (32 )(z ^ X nzey) 

*230, *123 (& D22) s (3z)(2; etx .zey) 
t270, *123 = (3z)(z €Lx rs y) 

t252 LX rs y ^ K 

•fSil. {x){y) xly.=.LxQy 

Proof. *100 [340 Di] ^ y - y 

t321 =. tx C y 

'|'342. (.x)(y) X ey . = , X eV . LX Cy 

Proof. *230 (& D20) x t y x n x e y 

t341, *123 ^.x^y.ixCy (1) 

t275, *224 342 [= 1] 

If X is not an element, and hence a member of no class, there is 
of course no class whose sole member is x. In this trivial case 
then, the ix defined in D22 must turn out to be something else; 
and it turns out in fact to be A. 

1343. (^) € V , wr =s A 

Proof. t341 A? € V -s- LX CY 
t293, *224 ^.lxCA 

t336 tjf — A 

If on the other hand x is capable of meriibership at all, lx has x 
as member. 

f 344. (a:) X €Y X € lx 

Proof. *235 (& D22) a: € V [- 182] .^.xe lx 

Membership in ix involves not only identity with x, but element- 
hood of X. 

t345. (x)(y) y € LX X eY . X = y 

Proof *230 (& D22) y e lx . = . y eY . y ^ x 
*228 =.;^6V-a; =y 

The composite connective ‘et’ thus expresses element-identity; 
it is stronger than ‘ Its commutativity is seen as follows. 

of X r\ y. Just as is understood as governing the shortest statement following 
it (cf. §§2, 7), so 'l* is to be understood always as governing the shortest term 
following it; and similarly for any other singulary operator. 
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t346. W(y) xeiy.^^yeix 
Proo/. *230 (& D22) x € ly x eW . x ^ y 
t345 y € LX 

The next theorem shows that lx is the class whose sole member is 
X if and only if x is an element. 

f347, (x) iy)iy - X - y)^ , X eW 

Proof, *100, *123 L347 s (y)p45 = :] = y .3. a: e V) 

*234a s.;veV 


The following theorem, an extension of the foregoing one, shows 
that LX Ly is the class whose sole members are x and y if and 
only if X and y are elements. 


t348. 

W(y) 

{z){z e LX ly » = : z = 

x.v.z^ y)^.x. 

yeV 

Proof. 

*104 

L348 DluX e LX Kj Ly m^lx 

= x\W, X ^ y 



*100 

3 : [^182 Dm^x € LX w 




tl90 

D.xeV 


(1) 


Similarly 

L348 3. y € V 


(2) 


t271 

Z € LX w Ly m m Z € LX ■ V w Z € 


(3) 


t347 

y € V .D (z)(z e ty . = . z = 

y) 



*121 

3.|:W3^](2)(L3 = 

5 : 2 ; € wr -V. y) 

(4) 


Similarly 

;reV.D:C4s:]y6V,D 

L348 

(5) 


*100 

[1.2.] L348.D.A:,y«V 


(6) 


*100 

[5 .] jc, y 6 V .D L348 


(7) 


*100 

[6 . 7 .D] 348 



The next two theorems show that the words ‘y is the class ' 

whose 

sole member is x* 

can be put into symbols in three ways: 


(s)(zey .s. 

^ = x), y = uc .X (Y, 

y C LX , X ey. 


t349. 

W(y) 

(z)(z «y z = *)s. 

y = LX . X eV 


Proof. 

tl89 

y = z(zey) 


(1) 


*121 (& 

D22) L349D:[1 s.]y = 

■ LX 

(2) 


*100 

[2D:]L349s.y = 

LX . L349 



*228 

=.y = 

LXn (z)(z€ LX .S. 

z = *) 


t347, *123 s,y = 

LX »x eV. 


t360. 

W(y) 

(z)(z ey -s. z - x) ^ 

,y C LX, xey 
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Proof. t312, *123 [349 = :] L350 C lx ^ lx C y , x eY 

t342, *123 ^,y C LX ,x ey 

A peculiarity of lx is that it is included in any class which it 
overlaps at all. 


t361. W(y) LxCy.v. Lxr\y-A 
Proof, *100 [342 .] a; € y .D. u: C y (1) 

*100 [1. 340 -D] 351 


In other words, lx is included in each class or its complement. 
t362. ^(y) LX C y LX C y 

Proof, t321, *123 352 [s 351] 

Inclusion of ix is analyzable as follows. 


t353. (x)(y) LX C y X €Y,n3, X €y 

Proof. t345, *123 (& D21) wr C y .= ( 2 ;)(a: € V - a: « z .D, z e y) 
*100, *123 = (z){x - z,Dlx eV .D.zey) 

*234a s:A:€V.D.A:ey 


Two consequences follow. 

t364. W W(y)(z) X eY , LX Kj y *=tZwt«'.D:Ar = z-V. a: - w 
Proof. t317 uc C wf V-/ y (1) 

*223 LX Kj y - a Kj LW .D: [Is.] lx Q iz kj lw 

1353 D: AT € V .3. a; € tz (2) 

*100 [2.]L354.D.;cctz w 

1271 X t LZ ,y. X e LW 

*230, *123 (&D22) '^ix ^Y . x ^ z x tY . x ^ w 
*100 D: AT = Z .V. AT ~ W 

t355. W(y)(2) xtY m LX y ^ lz.D, x ^ z 

Proof. t277, *224 L355 D. x eY . lx ^ y ^ lz ^ lz 

t354 D : a: * z .V, Af = z 

*100 D.a:=z 


The next theorem shows that lx has one member at most. 


t366. {x)(y)(z) y, z € tA? .3. y = z 

Proof. t345,*123 y^ z € lx JD. x eY , x = y , x eY ^ x = z 
*100 D,x=y,x = z ' 

*100 3:[1843.]y =z 
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The next shows that uc includes two classes at most. 


t367. (x)(y) y C IX . = : y = IX .V. y = A 

Proof. *223 



tx r\ y = y 

JDU LX r\ y — LX LX 'r\ y = A i 

S R537 (1) 


t323,*123 

y C u; .D. [351 =] R357 [:s 1] 

(2) 


t312 

y ^ LX 3n y C LX . LX C y 



*100 

D^y C LX 

(3) 


t334 

A C LX 

(4) 


*223 

y “ A .Dry C ar[.s 4] 

(5) 


*100 

[3.5.] R357 .D.y Cu; 

(6) 


*100 

[2 . 6 .D] 357 


The next shows that 

distinct elements have distinct unit classes. 

t368. 

ix)(y) 

jv 6 V .3 : t;e = Ly X = y 


Proof. 

*226 

= y .3. wr = ty 

(1) 


*223 

LX - ly ,3 [344 = :] e V 

.=.xet.y 


*230 (& D22); 

, *123 3:Ar€V.s. ^veV. 

X = y (2) 


*100 

je € V .3 r. [2 3 :] wf = ty .3 . 

, X === y 


*100 

3:. [1 3:] = ty 

.X 

Regardless of whether x is an element, lx proves to be 

an element. 

t369. 

(x) iX ( 

sV 


Proof. 

Since ‘(z)(z 

€ y .s. z € 5:) ’ is stratified, 



*200 (& DIO, 

22) X eY .3. LX €Y 

(1) 


*223 

LX = A.3rw:eV[.= 211] 

(2) 


*100 

[1,2. 343 -3] 359 


We find further that ix kj ly and lx r^y zre elements regardless 

of X and 

y- 



t360. 

(x)(y) 

w: w ty € V 



Proof. f359 lyeV (1) 

t273 [359 . 1 .D]360 
t361. (x) (y) ix y eY 

Proof. t323 IX Cy .D. ix = ix r\y 

*223 D:[359 eV 

*223 =A.D:a:oy«V[.s 211] 

*100 [1. 2. 351 .D] 361 


( 1 ) 

( 2 ) 
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In 'y lx' we have a notation for the class of all members of y 
except X, 

t362. W(y)(2) zey r\ LX .=,zey .-z 9^ X 

Proof. *245 (& D20, 22) ^ z{z 7 ^ x) _ (1) 

*223 [1 D:] Z€y rN . = . zey /^z{z 7 ^ x) 

*210 x,ey .z€z{z x) 

*230, *123 ^.zey .zeY .Z7^ X 

tl91, *123 ^,zey .Z9^ X 

That class turns out to be an element if and only if y itself is. 


t363. W (y) y 6 V .s, y r\ ia: € V 


Proof. t274 

[^359 = J LX eV 

(1) 

t272 

y € V [-1] .3. y IX eY 

(2) 

t273 

y r\ LX €Y [-359] mD. (y rs lx) lx eY 

(3) 

t326 

LX C y .3. y - (y r\ lx) Kj LX 


*223 

D:,yr\ LX eY mD. y eY [:s 3] 


*100 

3, [2 3] 363 

(4) 

t318 

LX Cy .3. y C LX 


t323 

Du y = y r\ LX 


*223 

3 363 

(5) 

*100 

[4. 5. 352 -3] 363 


From t363 

it is apparent that every non-element differs from 


every element in point of infinitely many members; for if we 
could reach z from an element a; by n steps of deleting or inserting 
single members, i.e. by n transformations of the type “y to y rx lx" 
or ‘‘y rN to y"y then we could establish elementhood of z by n. 
applications of t363. In particular it follows that every non- 
element differs from both A and V in point of infinitely many 
members; hence every finite class is an element, and every class 
which is so large as to exclude only a finite number of elements is 
an element. 
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The domain of x is called -the converse domain of x. It is the 
class of all elements to which x is borne. Where x is che relation 
of hate, its converse domain x^V is the class of all who are hated. 

t482. W = z(iy)x(y^z) Proof similar, from t4r76. 

t4B3. (x){z) ztx‘V .= (iy)x{yyz) Proof similar, from f477. 

Similarly x\y is the class of all elements to which y bears x. 

t484. (:v)(y) x‘Ly = z(x(yyz)) Proof similar, from t478. 

t4S6, {x)(y){z) z € x\y ,= x(yyz) Proo/ similar, from t479. 

The relative product of a relation x into a relation x\ symbolically 
X 1 x'y is the relation which y bears to w whenever y bears x to some- 
thing which bears x^ to w. Where x is the brother relation and x^ 
the parent relation, x\x is the relation of uncle. Where x is the 
father relation and x' the mother relation, x ] x' becomes the rela- 
tion of maternal grandfather and x^ ] x becomes the relation of 
paternal grandmother. 

D29. for ‘”<^(3/3) (f (a, i3). 170,7))’^* 

We thus have the following theorems. 

t486. {to){x){y)(x') {x 1 x'){yyw) s (^z){x{y,z ) . x\z,w)) 

Proof from *433 like that of t466 from *230. 

t487. {^){x){y){z){x) xiy^z) - x'{zyw) -D {x 1 x'){yyw) 

Proof from t486 like that of t467 from t466. 

t488. {x){y){z) x\yQz.^{x^WW){x{x\y').^^^^ 

Proof ixom t446 and t486 like that of t468 from D21 and t466. 

t489. {x){y){z) X Cy .D. x\zQy\z 

Proof from t487 and f488 like that of ■j’469 from 1467 and t468. 

■|*490. (^)(y)(s) y C s .3. ;c 1 y C ;c I z Proof similar. 

Relative multiplication is not commutative. A maternal grand- 
father, e.g., is not the same as a paternal grandmother. But relative 
multiplication is indeed associative y as the following theorem shows. 

t491. ix)(y)(z) (*|y) Is = *1 (yis) 
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Proof. t486, *188 (& D29) 

(;ir I y) I z = x'w'i3z'){(3y')ixy,y') . y(y',z')) . z(z',w’)) 
*158, *188 = x'^'{3z')i3y')(x(x\y') . y(y',z') . z(z' ,«;')) 

*138, *188 = x'w'(3y')(3z'}(x(x',y') . y{y',z') . z{z\w')) 

*158, *188 = x'u)'{3y')ix{x',y ') . (3z')(y(y',z0 . z{z',w'))) 

1486, *188 (& D29) = ^ 1 (y | z) 

A null factor nullifies the product. 

t492. (;r) A j a: = A Proof similar to that of t473. 

t493, {x) it I A = A Proof similar. 

The converse of the relative product is the relative product of 
the converses in opposite order. 

t494. (it)(y) '■{x\y)^^\x 

Proof. t486, *188 (& D27) ”(* 1 y) = M{3x'){y{x' , w) . x{z, x')) 
t460, *188 (& D29) = y\x 

E.g., since the converse of teacher of is pupil of and the converse 
of child of is parent of, the above theorem tells us that the converse 
of the relative product teacher of child of is the relative product 
parent of pupil of. 

The concluding theorem exhibits an important connection be- 
tween projection and relative product. It says e.g. that the uncles 
of violinists are the brothers of the parents of violinists. 

t496. W(y)(z) {x\y)“z -- x‘{y“z) 

Proof like that of t491, using D28 instead of D29 and 1^66 in- 
stead of the last use of |486. 

The notions of converse and relative product, along with the identity function I 
(cf. § 42), are familiar to students of group theory. In this connection they w'ere 
clearly formulated and investigated by Cayley (1854). But in group theory the 
notions of converse and relative product occur only in application to a special sort 
of relations, viz. functions (in the sense of § 40) whose converses are functions. 
Converses and relative products of relations generally are dealt with by DeMorgan 
(1860), and so -also is the notion of projection. DeMorgan does not distinguish 
explicitly between the relative product and the projection; the same notation 
designates .v | y or .v'^y according as y is or is not a relation. The same practice 
recurs in Peirce; but in Frege (1879) the distinction becomes explicit. The present 
notation is Russell’s. 
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§ 39 . The Ancestral 

A CLASS y is said to be closed with respect to a relation x if what- 
ever bears a: to a member of y belongs in turn to y; i.e., if .v^'y C y. 
The class of humans, e.g., is closed with respect to the nephew 
relation; for all nephews of humans are human. The class of males 
is likewise closed with respect to the nephew relation. The class of 
even numbers, again, is closed w’ith respect to the relation square 
of; for the squares of even numbers are even. On the other hand 
the class of males is not closed with respect to the parent relation ; 
for not all parents of males are male. Again, the class of even 
numbers is not closed with respect to the relation half of; for the 
halves of even numbers are not aWays even. 

An element may belong to an infinite variety of classes each of 
which ’is closed with respect to a given relation x. Napoleon, e.g., 
belongs to an infinite variety of classes each of which is closed with 
respect to the parent relation. One of these is the class of all 
organisms, since parents of organisms are organisms. Even 
broader classes of the kind can be formed, by supplementing the 
class of organisms with any parentless sort of objects — say desks; 
for no such trivial supplementation will alter the fact that all 
parents of members are members. Moreover, there are classes 
narrower than that of organisms which still contain Napoleon and 
are closed with respect to the parent relation. One such is the 
class of all organisms born before 1800; Napoleon belongs to this, 
and so do the parents of all the members. Still narrower classes of 
the kind can be got by casting out all childless persons, or all per- 
sons of Chinese descent; for no parents of the residual members 
will thereby be extruded, nor presumably will Napoleon himself. 
Certain members, however, will be common to this whole infinite 
variety of classes. One common member, of course, is Napoleon. 
Tw’o more are the parents of Napoleon; clearly they must belong 
to any class which contains Napoleon and is closed with respect 
to parent. Four others are the parents of Napoleon’s parents; 
and so on. Napoleon and all his ancestors are thus distinguished 
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from the rest of the world by this formal characteristic: they be- 
long to every class which contains Napoleon and is closed with 
respect to the parent relation. If we so construe ‘ancestor’ as to 
reckon a person among his own ancestors, then ‘2 is an ancestor of 
Napoleon’ can be explained as meaning that 2 belongs to every 
class which contains Napoleon and is closed with respect to parent; 
symbolically, 

(}>) (patently C y • Napoleon e y -D. 2 c y). 

The relation of ancestor can be defined, in terms of that of parent, 
as 

£e£>(y)(parent‘'y Cy.«;€y.D. 26 y). 

More generally, given any relation x instead of parent, the re- 
lation 

(1) %w(y)(pc^y'Z. y nW €y 

will be called the ancestral of x\ symbolically, ^x. Where x is 
the parent relation, * 1 =^ is the genealogical relation of ancestor; 
where x is the offspring relation, is the relation of descendant. 
In general, is the relation of 2 to w such that 2 is w or else bears 
X to w or else bears x to something which bears x to w ox else etc. 
The rigorous formulation of i^Xy viz. (1), is important in that it 
constitutes a logical analysis of the essential notion involved in 
the idiom ‘etc.’. 

We thus adopt the following definition. 

D30. for "(5/§(7)(r7 Cr.0€T.D.a67)". 

The following theorem is forthcoming. 

t610. {w){x){y){z) x**y C y . it^x{zyw) . w 6 y .D. 2 € y 

Proof. 

*110 (y)ix^^y C y nza €y .3. z c y) D: ^“y C y .zo ey mD, z ey (1) 
*433 (& D30) *x(zyza) Zyzu eY .Ll (2) 

*100 [1.2.3] 510 

Every element bears the ancestral of every relation to itself. 
t611. {x){y) ^(y,y)^.y,Y 

Proof. *100 x**z C z.y€2.3.y€2 


( 1 ) 
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*434 (& D30) ^(y,y) y, y , V [. (z) 1] 

*100 

Two corollaries follow. 
t612.^ ix)(y) yCi^\y 

Proof. *100 (& D24) y{z,w) D. s € V . y{z,w) 
tSll, *123 

1-^87 D (*;v 1 y)(z,z£;) (1) 

t446 512[s (3;)(a;)l] 

t513. {x)(y) y y \ ^ Proof similar. 

Every relation is included in its ancestral. 

'{‘514. (x) X C i^x 

Proof. *110 (& D21) x'‘y Cy .D\Z€x''y J^.zty (1) 

*100, *117 x{z^w) D(3?)([1 . 467 x^^y Cy ^y .D. sey) (2) 
*435 (& D26, 30) l{z){w)2 D] 514 

A class is closed with respect to x if and only if it is closed with 
respect to i^x. 

t615. ix)(y) x^‘y C y .s. i^‘^y C y 


Proof. 
*100, #117 

x“y C y .D (s)(w)(I^510 .] *x(z,to) .wey.D.zey) 


t468 

D . *A:“y C y 

(1) 

t469 

l5UD.2x‘yC*x‘‘y 

(2) 

tail 

[2 .] *x"y C y .3. x‘y C y 

(3) 

*100 

[1.3.D]515 



The ancestral is its own ancestral, and its own relative self- 
product. 


t616. {x) *x Proof: t515, *188 (& D30). 

t517. (at) = ho: 1 

Proof. t510 x‘^y C y . ho:(z',z) - x e y -D; s' e y (1) 

*100, *117 

*a:(s',s) - ^{z^w) .3 (y)(Cl . 510 .] x''y C y - c y .3, s'e y) (2) 
*161 [(s)2=.](3:&)L2 3R2 (3) 

^ Note that the star in [ y’ applies to ^x\ not to [ y.’ See second footnote 
of §35. 
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*435 (& D29, 30) [(z') W 3 D \ C (4) 

■t•512 ^xC*x\:iiX (5) 

t312 517 [ = .5.4] 

The next two theorems show e.g. that the parents of one’s 
ancestors and the ancestors of one’s parents figure among one’s 
ancestors. 

1618. (at) x\:^ C:¥X 

Proof, t-189 [514 D .] a: | C 1 (1) 

t517, *224 518 [=1] 

t619. (x) *x\x C Proof similar, using t490. 

The class *x‘^y comprises all the objects which bear ^ to mem- 
bers of }'. Thus, where x is the parent relation and y the class of 
lawyers, is the class of all ancestors of lawyers. The following 
theorem says that ntx‘^y is closed with respect to x. 

t620. (x){y) x‘\*x^^y) C 

Proof. t469 [518 D.] (:t | ^ (1) 

t495, *224 [1 s]S20 

The following sort of inference is characteristic of the ancestral. 
From the premisses: 

(z)(w)(parent(z,S4/) . zv was born before 1800 

.D. z was born before 1800) 

and: 

ancestor (Fiorecchio, Napoleon) 

and: 

Napoleon was born before 1800, 

e.g., we infer that Fiorecchio was born before 1800. In general, 
from premisses of the forms: 

(z)(w)(x{z,w) «... cfc? ... .D. ... z ... ), 

^:X 

...5... 

we infer that ... J ... . The metatheorem governing such in- 
ferences is as follows. 

*621- If a and a' are distinct and not free in and a' is not free in 
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<j>, and 4>', nnd 4/' are like 4> except for containing free occurrences re- 
spectively of OL, ij, and ij' wherever p contains free occurrences of ol , then 

h ^(aO(“)(r(a'> oc) .p .D p') . ij) . if' .3 4/\ 

Proof. t510 \-^^“dp C dip . 17 ) . ij « dip .3. n' < dip~^. ( 1 ) 

*100 (& D24) 

Kf(a', a).p.D p' f(a', a).oieY.p.D. a'eY. p'^ ’ 
*235 (& hp3), *123 s : ^(od, a) . a e &p .3. a' e dip''. ( 2 ) 

Similarly Q dip . rf) •4' 4'^ C*— I]"*- (3) 

t468 (& hpl- 2 ) \-’'^“dip C dip (a')(«)R2'' 

(2), *123 = (aO(«)L2^ (4) 

(4), *123 I-T3 =] 52P. 

Inferences of the above kind remain valid when the first of the 
three premisses, viz.: 

(z){w)(x(zyw) . . . . w . . . .3. . . . z . . .), 
is weakened to read: 

(z)(w)(x(%,w) . *x(w,B) .3. . . . z . . .). 

The metatheorem to this effect is as follows. 


*522. If a and a' are distinct and free in neither f nor ri, and [[etc. 
as in * 5213 , then 

l-'’(a')(Q:)(r(a', a) . *f(a, ij) - ^ P') • v)’4'''^ 4''~'- 


Proof. 

t518 Kf 1 *r C 


(1) 

t511 

K*f(i7>n) =.n<V''. 


(2) 

t422 



(3) 

t487 

(«'> “) ■ («J ’/) 

(f 1 ’l)"’- 

(4) 

*100 

hT't ■ 3 .3 :.3 L4 . .3 

p'l^zlA. ^.3.*i'(a' 



(5), *123 KL522 3. (aO(a)R5 ■ ■ 4''' 

*100 (& D24) 3 : [2 3 .3 (a') (a)R5 . (V, v) • *t(n, v) ■ 4'’' 

*521(&hp)i 

*100 3 4/\ 

Typical use of *521 occurs in the proofs of the next two theorems. 

t623. (*) “♦x = 

Proof. 1487 ♦x(«>,z) . x(z,y) .3 (*x j x){w,y) 
t422 [5 19 3 .3 («: 1 x) (o'.y) 3 *x{w,y) 

* In this step ij) . ^ plays the lOle of the ^ of *521. 


( 1 ) 

(2) 
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*100 

[460 .1.2 »'}x{y,z) . D 

(3) 

*521 

C(y)(z)d .] *x(y,w) - *x(u;,w) .D *x(w,y) 

(4) 

t511 

ncx(zo,w) «; € V 

(5) 

*100 (& D24) 

[4 - 5 0 *x(y,w) -D :iix(w,y) 


t460 

3 ^*x(y,zo) 

(6) 

t446 

C (y)(w)6]l 

(7) 

t463 

[7 s J C :*iX 

(8) 

*231 

[(;c)8 D.] \x C *x 

(9) 

t461, *224 

[9 =.] C *x 

(10) 

t312 

523[«.10.7] 


t624, W 

1 a; - x\itiX 


Proof. t513 

xC x\^x 

(1) 

t422 

[1 D.] x{%\ {x\ ^){z\ w) 

(2) 

1422 

[518 D.] (a; 1 *x)(z^w) D ^(z,w) 

(3) 

t487 

x(y,z) . *x(z,w) .3 (a: ] *Ar)( 3 ;,w) 

(4) 

*100 

[3.4.] A:(y,z) - x(z',zo) D L3 ,D»x(z\w) D R4 

(S) 

*521 

[(y)( 2 ) S .] *A;(y, z')C- 2] .3. x(z', w) 3 R4 

(6) 

*100 

[6 .] ♦A;(y, z') . x{z\ w) .3 R4 

(7) 

t488 

1 a: C a; 1 [.= (y)(zi')(«')7] 

(8) 

t462 

[8 s.] '"(^jeAT 1 a:)C ''(a; 1 sJjAt) 

(9) 

t494, *224 

[9 = .] 1 ^*x C ''*x 1 X 

(10) 

t523, *224 

[10 sj jif 1 HsAf C ♦if 1 if 

(11) 

*231 

[( a ;)11 3.] if 1 C ♦if 1 ^ 

(12) 

t461, *224 

[12 ^-] 1 ♦Af C sjcAf 1 a: 

(13) 

t312 

524 [s. 8. 13] 



Where x is the parent relation, we have seen that the ancestral 
ifax is the ancestor relation — provided that we so construe ‘an- 
cestor' as to count every person and indeed every element trivially 
as an ancestor of itself. The relations x | it^x and ^x | x^ then, are 
respectively the relations “parent of ancestor of" (in the above 
sense of ‘ancestor') and “ancestor of parent of”. and tS19 

showed that these relations are included in the ancestor relation; 
and the above theorem t524 shows further that they are the same. 
This relation | a: or 1 is in fact simply the ancestor relation in 
the narrower, more usual sense; it is the ancestor relation when we 
construe the latter in such a way as not to reckon one among his 
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own ancestors. It is the relation which y bears to % when y is a 
parent of z or a parent of a parent of z or . . .. 

For any Xy in general, the relation J a: (or ^ | will be called 
the proper ancestral of x. The ancestral of x is the relation of 
an element y to an element % such that y is z or bears to z or bears 
X to something which bears ^ to z or. . on the other hand the 
proper ancestral ♦jv | is rather the relation which y bears to z 
just in case y bears to z or bears x to something which bears x to 
z or . . .. 

The line of reasoning used in D30 was first set forth by Frege in 1879 (Begriff- 
schrift, p. 60), in defining what I have called the proper ancestral. In 1884 he in- 
troduced the ordinary ancestral, defining it in precisely the manner of D30 (cf. 
Grundlagen, p. 94; also GrundgesetUy p. 60). 

Whitehead and Russell’s notation for the ancestral is but I have modi- 

fied it to because of a disinclination to accord parentheses to singulary opera- 
tors. Whitehead and Russell’s notation would have to be construed as involving 
implicit parentheses in the fashion in order to deal with ambiguous combi- 

nations such as 

Whitehead and Russell’s version of the ancestral diverges from the present one 
(Frege’s) in this minor respect, y does not bear their x* to itself unless y bears x 
to something or something bears x to y (cf. Principiay *90.01). The practical 
advantage of this complication is not apparent. In any case the two versions are 
interdefinable in obvious fashion: 

= yK*x{y, z) . (3«»)(je(y, zo) V x{w^ y))), 

*x *= y-(^*(y» z) V. y » 2 ). 

The proper ancestral is accorded a separate definition by Whitehead and Russell, 
under the notation (Cf. *91*01*52). 


§ 40 . Functions 

INSTANCES of the notion of function are expressed by such lo- 
cutions as ‘quadruple of’, ‘double of’, ‘square of’; and the applica- 
tion of a function is expressed by completing such locutions, in the 
fashion ‘double of x% ‘square of x\ The notation of functional 
application is o^ more strictly Thus z^3 is 12 

where z is quadruple of; %Z is 9 where z is square of; and, to take 
a non-numerical example, z*Y is iV where z is unit class of, 

A suitable way of formally defining the notation suggests 



222 


RELATIONS 


§40 

itself when we reflect that a function is simply a relation; quadruple 
of, e.g., is the relation of the quadruple to the quarter. The result 
zx of applying a function % to an element x is the element which 
bears the relation z to x^ symbolically (ly) z{y^x). Thus 

D31.^ for 

In the usual terminology, z^x is the value of the function z for the 
argument x; 12, e.g., is the value of quadruple for the argument 3. 
More briefly, zx is spoken of as the z of x. 

A function is, as observed, a relation. But it is a relation of a 
special sort, having the peculiarity that no two elements bear it to 
the same element.^ No two numbers, e.g., are quadruples of the 
same number. Common mathematical usage allows the term 
‘function’ a broader scope, indeed, and countenances so-called 
many-valued functions as well as single-valued ones; but we may 
conveniently waive this usage, for the inclusive notion of function 
which it involves is already at hand in the general notion of rela- 
tion. It is only where a unique element bears x to y, symbolically 

(1) {lw){z){z = €6^ .S x{z,y)), 

that we can speak non-trivially of the x oi y:, where (1) fails, x^y 
reduces trivially to A (cf. *197, D31). 

Functionality of x, then, is conveniently explained as single- 
valuedness of x\ i.e., as truth of (1) for all elements y to which 
the relation x is borne at all. But there are further relations x 
which, though not functions in this sense, do fulfill (1) for certain 
choices of y. Such relations may, by a natural extension, be spoken 
of as functions in a relative sense; viz., as functions with respect 
to this or that appropriate argument y. Functionality of x with re- 
spect to y receives its symbolic expression in (1). 

The class of those elements y with respect to which is a func- 
tion, in this sense, will be called the range of functionality of x, 
symbolically tx. Thus xx is the class of all elements y for which (1) 
holds. 

D32. for « 7 .s f(a,/ 3 ))T 

^ The notation and the definition are both Russell’s (** Mathematical Logic,” 
p.253). 

* Here I follow Peano, “Sulla definizione di funzione.” 
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The range of functionality of the relation author ofy e.g., is the 
class of uncollaborated writings; the range of functionality of the 
relation member of is the class of all unit classes of elements; and 
the range of functionality of the relation included in has A as sole 
member. 

Ways of paraphrasing ‘ytxx^ are shown in the following two 
theorems. 


t530. {x)(y) 

y etx .= ( 3 so)( 2 )(z = io .s x{,z,y)) 


Proof. tl82 

w — w 

(1) 

*104 

(z)(z = «; .s a;(2,y))D. [l=]2(*w,y) 

(2) 

*100 (& D24), *163 

(3a;)(C2.3L2)D.yeV 

(3) 

*230 (& D32) 

y-t XX y « V . R530 


*100 

s. [3 .] R530 


1631. {x){y) 

y « W .s ( 2 )(z = xy .s xisyf) 


Proof, *196 (& D31) (z)(z « .s 5;(z,y))3. w = xy 

(1) 

*223 

to = x‘y .3. Ll s R531 

(2) 

*100, *163 

(3w)(Ll[. 1.2])D R531 

(3) 

*232 

R531 D (3w)Ll 

(4) 

*100 

[3.4. 530 .3] 531 


If y is in the range 
x‘y is A. 

of X, then x^y bears x to y\ and otherwise 

t632. (A;)(y) 

y « .3 x{x‘y, y) 


Proof. tl82 

li 

(1) 

t531 

y € r;v -3 R531 


*231 

3.[ls]ic(/y, y) 


t633. W(y) 

ylxx .3. x^y - A 



Proof, *100 [530 .] y i r;v .3 R530 

*197 (& D31) :>-xy =A 


From t533 it follows that x‘y is A unless y is an element. 
t634. y i V -3. x‘y = A 

Proof, tl-90 y € .3. y € V 

*100 [1.533 .3] 534 

Thus y is an element if x*y has a member. 


( 1 ) 
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t636. (*)(y)(z) 

z ex^y .3. y € V 


Proof. tl92 

z i A 

(1) 

*223 

x'y = A -3 : z € /y [.s 1] 

(2) 

*100 

[2 . 534 .3] 535 


But x^y is an element regardless of x and y. 


t636. (*)(y) 

x‘y 6 V 


Proof, *223 

x^y = A .3. 536 \^= 211]] 

(1) 

*100 (& D24) 

[532 . 533 . 1 .3] 536 


The paraphrases of ‘y 6 provided by 1530 and t531 

can now 

be supplemented with 

a third. 


t637. (x)(y) 

y € r:v . = . i(^V) “ x'ty 


Proof. 



t345, *123 (& DIO) 

R537 s (z)([536 .]z = y z c x*\y) 

t479, *123 

s RS31 

(1) 

*100 

[1 . 531 .3] 537 



The following theorem exhibits a certain analogy to t495. 

t638. (x) (y) (z) z € ry -D . (jf I y) 'z := x (yz) 

Proof, t537 z € ry .3. y‘\z = i(y^z) 

*223 D:w € x^\y^\z) t x‘\{y%) 

t495, *224 t{x\ yY^z x‘U{y\) 

t479, *123 D. {x I y)(«;,z) = x(zo^ y^z) (1) 

n59 (& D4) [(«;)! = :] z € ry .3 WRl 
*186 f& D31) 3 R538 

If X is the father relation, y is the son relation, and z is Eve, 
then {x 1 y) z is Adam whereas x*(y^z) = x‘A = A. Hence the need 
of the antecedent ^zety' in the above theorem. 

The next concerns the ranges of functionality of relative pro- 
ducts. 

t639. {x){y) XX D.xyCx{x\y) 

Proof. t536 y'z e V (1) 

*223 rx = V.3:y'z6rx[.s 1] 

t537 3- i(x*(y*z)) = x\{y*z) 

t537 z€ry.3.t(y^z) = y^z 


( 2 ) 
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*223 ^ « [2 = = V .D. = x“(y‘^iz) 

t495, *224 D : r;^ = V .3. i(x(y‘z)) = (x | yY^z (3) 

*223 R538 D :: 2 c ry -D : = V -D. i((;c | yYz) - (a: | 

■|■537, *123 3 z € ry -3 : tA; =*= V .3, 2 € r(:v I y) (4) 

*100, *117 tA; = V -3 (z)(% € ry [. 4 , 538] .3 z e r(A: j y)) 

(q.e.d.; cf. D21) 

Besides functions of the sort here considered, which apply to ar- 
guments one at a time, there are those which apply to arguments 
two or more at a time. An example which applies to arguments 
two at a time is the power function, whose value for arguments 
X and y is A non-numerical example is logical sum, whose value 
for arguments x and y is a; y. Just as a function of one argument 
is a dyadic relation, so a function of two arguments is a triadic 
relation; the power function, e.g., is the triadic relation which 
holds among any numbers z, x, and y (in that order) when 2 « a:^. 
A function of three arguments, similarly, is a tetradic relation; 
and so on. In terms of the notions introduced at the end of § 36, 
the definition D31 of application is readily extended to functions 
of two or more arguments, 

0))'' for '’(la) f(a, jj, fl)’’, 
for -■(,«) 

etc. The notion of range admits of extension in similar fashion, 
in terms of the notions introduced at the end of § 37. A range of 
«-argument functionality, in general, is itself an «-adic relation. 

'"rj f'' for ''$y(3d)(a)ia = 5 .s f(a, j3, •y))'', 

’’tsf'' for ’'$yti3a')(<x)(a = a' , 

etc. 


§41. Abstraction of Functions 

THE FUNCTION quadruple of may be thought of as abstracted 
from the name matrix *4 X in somewhat the same way in which 
the class x(4 < x) is abstracted from the statement matrix ‘4 < x’. 
The class x(4 < x) has, we recall, this characteristic feature: an 
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element a: is a member of the class if and only if 4 < jv. The 
parallel feature of the function quadruple of is this: application of 
the function to an element x yields the element 4 x a:. 

The notation of functional abstraction is f"*. Thus quadruple 
of is X;c(^ X x); double of is X x); square of is unit class 

of is \ LX, The appropriate formal definition of ^Xa f"* suggests it- 
self when we reflect, e.g., that quadruple of is simply the relation 
of quadruple to quarter, and square of is the relation of square to 


root; i.e.. 

X,(4 X *) = y*(y = 4 X «), 


K(^) =yx(y = x^). 

Thus 


D33. 

for = 


In view of the general convention governing the choice of odd 
variables in definitions (cf. §24),- the P of D33 must be distinct 
from a and the variables of f ; on the other hand a may, and in 
non-trivial cases will, occur in f. 

Mathematicians tend in practice to confuse a name matrix f with 
the name ^Xq, f"’ of the corresponding function. Such expressions as 
‘4 x\ *x^\ ^x^ 2x - 1\ etc., though commonly treated as if 
they designated functions, actually designate nothing; they are 
not names at all, because of the free variable (cf. § 27). When 
their free variables are supplanted by numerals, moreover, these 
expressions come to designate not functions but numbers. The 
functions which ‘4 X at’, V’, and V4'2Ar-l* suggest are 
properly designated rather by the functional abstracts ‘X;t(4 X x)\ 
‘\x(x^)y and + 2;c — 1)’; these expressions are stfaightfor- 

ward names, devoid of free variables. 

Note further that the distinction in meaning between J" and 
f"* survives even in the case where f itself is a name, and thus 
devoid of free occurrences of a. It is in this case that the so-called 
“ constant functions” appear; c-go is the function whose 
value is uniformly 5 for all arguments. The names ^5* and 
‘X;^5’ are altogether different in meaning; whereas 5 is a number, 
the ‘^constant function” X^. 5 is rather the relation which 5 bears to 
all elements (cf. *540). 
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Abstraction, defined in D33 for functions of one argument, is 
extensible to the case of many arguments in obvious fashion : 

Jot * f)"*, 

^\x0y f"* for ^SdPy(d - f)"*, 

etc. (cf. end of §40). \xy(x^)y e.g., is the power function; and 
\xy(^) * (5,3) is 125. In what follows, however, attention will be 
limited to the one-argument case. 

The following metatheorem deals with the functional abstract 
in the context (jjja)^ of relational predication (D24). 
Note that the occurrences of a in are bound, whereas the 
occurrence of a which terminates ‘‘Xa? is free. 

*640. }- ( 17 , a) s. a, f € V - 17 = f’’. 

Proof, *434 (& D33) |“ '’X^f (i7,a) s, a, 17 e V . 17 = 

*228 

As explained, X;p(4 X x) is supposed to be the function whose 
value, for any element x as argument, is 4 X In general, 
Xjci- • • X , , is supposed to be the function whose value, for any 
element x as argument, is x , (granted elementhood in turn > 
of . . . AT . . .). This is provided by the following metatheorem. 

* 641.1 

Proof, Let be new. 

*100, *117 h f € V .D - r r € V , i3 - f)^ 

*540, *123 D = r (fiya)y 

*i96(&D3i) D.Xar'a^r. 

Just as the metatheorems *230 and *433 on the abstraction of 
classes and relations were generalized in *235 and *434, the meta- 
theorem *541 on functional abstraction is generalized in the 
following. 

* So far as parentheses are concerned, the prefix as a whole is treated as if it 

were a singulary operator; thus it is that no parentheses are entered in the left side 
of D33. Accordingly the ^Xaf'a^ of *541 is tole read as composed of and 
«, not of and ’"f'a"’; cf. second footnote to § 35. The functional abstract of 
with respect to a would be rendered rather ^XaCT' a)L The latter can, as a 
matter of fact, be shown to obey a law somewhat like *541; namely, if of is not 
free in T then * V .D.Xa^of) * f"*. 
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’"542. If 6 is like f except for containing free occurrences of tj in 
place of all free occurrences of a, then 

[- ^ « V .D. Xaf ‘li = 

Proof *231 (& hp) h ''[(«)541 3] 542'^. 

The next metatheorem explains the notion of range as applied to 
a functional abstract. 

*643. = <S(f «V)T 

Proof. Let be new. 

1189 = (S(aerX«f)‘' 

*531, *188 = <S0S)(X«f ‘a = |8 .s (fta))"' 

*540, *188 = <S(/5)(X«f a = ^ .s. a, f f V . jS = f)"' 

*100, *188 = ‘a = i3 .3. «, f 6 V . ^ = r :. 

(3 = f .3:a,f eV.3.X„f 'a =/3)i 

*140, *188 = <5((i8)(Xaf 'a = /8 .3. a, r « V . ^ = f) . 

(^)(^ = f .3 : a, f e V .3. '« = /J))-' 

*234a, *188 = <S(a, f « V , X^i" ‘a = f [. 541])'' 

*100, *188 = dia, f « V [. 541])'' 

*246 = d^ 6 V)T 

The next explains 'rp in the cases not covered by *542. 

*644. If 6 is like f except for containing free occurrences of rj in 
place of all free occurrences of a, then 

h ^ ^ € V) D- Xaf ' T? = A"*. 

Proof. 

*235 (& hp), *123 f- ^ ^ € V) D. 77 i c V)"^ 

*543, *224 D.TjirXafi 

t533 '77 = A^. 

Note that the antecedent in *544 is not '"77 i V . 0 e V"’, but the 
much weaker condition (77 € V > 0 6 V)"^, i.e, ^77 ? V -v- d € V’. 
Thus *544 goes farther than tS34. 

Statements of the form ^X^f (X^f ' 77 , 77 )'’ are not all true. If 77 
designates a non-element, or if the result of putting 77 for o: in f 
designates a non-element, then '’Xaf (X^f ' 77 , 77 ) wnll be false; nor 
will there be any term 6 for which '"X^f (0, 77 )”* is true. If on the 
other hand there is such a term S at all, we can infer ^X^f '77 = 
this is shown in the following metatheorem. 
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*646. 

h v) 

3 - X«f "17 = 


Proof. Let be 

new. 


*223 


a, f € V .3. Xcjf =: j3 [:s 541p. 

( 1 ) 

*540 

1 - 03, a) 

3. or, f € V . ^ 


*100 


3:Cl 3.] Xo,f 'or - 

( 2 ) 


^*233 1-T(«)(/3)2D]545‘‘. 

The value of the unit-class function for an argument y 


proves to be ly 

regardless of whether y is an element. 


t646. (y) 

X*oc ‘y = ty 


Proof. t359 

iy«V 

( 1 ) 

*542 

y « V 1^.1] .D 546 

( 2 ) 

t534 

y i V.3. 'y = A 

( 3 ) 

t343 

y i V.D. ly = A 


*223 

D :. y « V .3 546 [:s 3] 

( 4 ) 

*100 

[2 . 4 .3] 546 



The notion of functional abstraction goes back to Frege (Grundgeseizt^ vol. 1, pp. 
14f, 54f). The present notation is Church’s. Both Frege and Church construe 
functional abstraction more broadly, however, to include class abstraction as a 
special case. Correspondingly relational abstraction becomes, for those authors, a 
case of the abstraction of functions of many arguments. Special features of the 
groundwork of Frege’s logic and Church’s make this assimilation a natural one; 
and it would be equally natural in the logic based on inclusion and abstraction 
(cf, §23). 

§ 42 . Identity and Membership as Relations 

THE IDENTITY function I is defined as follows.^ 

D34. 

It is the function whose value, for any element as argument, is that 
element itself. 

t660. {x) xeY.^.Tx^x 

Proof. *541 (& D34) x eY D. I‘x - x (1) 

*534 xiY .3. Vx ^ A 


See end of § 38. 
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*223 D:/*«V[.s 211] (2) 

*223 I'x = * .D [2 s :] a; 6 V .D . * 6 V (3) 

*100 [1 . 3 .3]550 

Its range embraces all elements. 

t661. r/ = V 

Proof. *543 (& D34) xl = x{x t V) 
tl89 = V 

Like all functions, / is a relation. In view of D34 and D33, 
indeed, it is the identity relation ^{x = y). Note, however, that 
‘I(x,y) ’ is not equivalent to ‘x = y’. Since only elements can enter 
into a relation, ‘I(x,y)’ holds only where x and y are the same 
element; on the other hand ‘x = y’ holds wherever x and y are the 
same entity, whether an element or a non-element. 

t662. {x)(y) Iix,y) x eV . x == y 

Proof. *434 (& D34, 33) I{x,y) x, y eV . x = y 
*228 =. *, 6 V . jc = y 

*100 s. « e V . « = y 

t663. W(y) I{x,y) s. y e V . Af = y 

Proof. *228, *123 [552 s] 553 

t664. (*)(y) I{x,y)=.xfiy 

Proof. 1345, *123 554 [s 553] 

t666. {x) I{x,x)s.xiV 

Proof. t552 I(x,x) s.^f«V[. 182] 

To say that x includes I is to say that every element bears x to 
itself. 

t666. ix) I C X (y)(y D x(y,y)) 

Proof. t446 ICx (y){z)il{y,z) D x(y,z)) 

t552, *123 s (y)(z)(y e V . y = z .D *:(y,z)) 

*100, *123 s (y)(z)(y = z .3 : y e V .3 x(y,z)) 

*234a, *123 s R556 

I is its own converse. 
tB67. 7 = 2 
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Proof. H37 1^1 

tS52, *188 (& D26) = 5iz(y e V . y = a) 

t553, *188 (& D27) = 1 

Projection by I has no effect. 
t658. (*) r‘x = X 

Proof. tSS3, *188 (& D28) P'x = y(3z)(y =z.zeV.zex) 
*234b, *188 (& D18) = V * 

t296 = X 

Relative multiplication by I leaves a relation unchanged. 
t669. (x) I\x=^x 

Proof. tSS3, *188 (& D29) J | a: = ya>Oz){y = z . z e V . x(z,w)) 
*100 (& D24), *188 = yw(3z)(y = z . x(z,u>)) 

*234b, *188 (& D26) = x 

t660. (x) x\I = X Proof similar. 

I is included in every ancestral, 
f 661. (x) I C*x 

Proof . iSll y eV .0 *x(y,y) (1) 

t5S6 561 [s (y)l3 

t662. (x) C *x 

Proof. t332 562 [s. 561 . 514] 

The next theorem shows that I added to the proper ancestral 
yields the ancestral. 

t663. (x) I\j(,x 1 *x) = *x 


Proof. t332 L563 C [.s. 561 . 518] (1) 

t422 [1 D.] L563 (z,w) D **(z,«;) (2) 

t487 x(y,z) . *x{z,to) .D(x | *x)(y,t(r) (3) 

*100 [2.3.] x(y,z) . L563 (z,w) .D. !(y,a)) v (x | *x)(y,ai) 
t424 3 L563 (y,w) (4) 

*521 [(y)(z)4.]*x(y,w) . L563 (ze,ai) .D L563 (y,K>) (5) 

f424 L563 (a>,zo) =. I{w,w) v (* j *x)(a>,te)') 
t555, *123 ' =:to eV .V (x j *x)(w,zv) (6) 

*100 (& D24) [5.6.] *x(y,tc>) .3 L563 (y,af) (7) 

t446 «:CL563[.s (y)(«,)7] (8) 

t312 563 [s. 1.8] 
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The terms ‘transitive* and ‘reflexive*, applied hitherto to modes of statement 
composition (§ 11) and predicates (§ 25), may by extension be applied also to 
relations in obvious fashion; historically this is, indeed, their original applica- 
tion. A relation w is transitive if 

W(y)W y) • ^(y, z) .D z); 

or, equivalently (by if w | w C w. Thus / is transitive, by t559. A relation 
tv is totally reflexive (see note to §25) if every element bears w to itself; or, equiv- 
alently (by t556), if / C w. Thus I is totally reflexive. A relation w is reflexive, 
more generally, if 

(x) (y) y) Y «> (y, x) . D w{x, x ) . 

The term ‘commutative* carries over in similar fashion; but the term ordinarily 
used in connection with relations is rather ‘symmetrical* A relation w is sym- 
metrical if 

(x)(y) w(x,y) s M>(y,x); 

or, equivalently, if w « affirms the symmetry of /. 

We have attributed transitivity, reflexivity, etc., on the one hand to the con- 
nective sign **=’, which is a two-place predicate, and on the other hand to the 
corresponding relation xy(x « y) or I. By a similar transfer the idempotence, 
commutativity, etc., which have been attributed to the term connectives ‘ r\ * and 
‘ V-/ * (§ 33) might be attributed likewise to the corresponding functions Xxy(x r\ y) 
and Xxv(x w y). In general, a function of two arguments is idem potent, commu- 
tative, or associative according as 

zv\x, x) » X, 
tv\x, y) = vf‘(y, x), 

or «/'(w'(x, y), z) « w\x^ «/'(y, z)) 

for all elements x, y, and z; and correspondingly for distributivity. 

7 is, we have seen, the identity relation xy{x = y). We turn now 
to S, which is the membership relation xy{x ey). 

D36. ‘6’ for ^xy{xey)\ 

diverges from ^xey' in the same way in which *I(x,y)* 
was seen to diverge from ^x = y^ Since only elements can enter 
into a relation, "6(^,y)" holds only where y is an element and 
X ey, 

t664. (;r)(y) Gl(^,y) ^.xey .yeV 

Proof. *433 (& D35) 6(;v,y) =• x ey , x, y eY 

tl91, *123 ^.xey.yeY 

But the elementhood clause is suppressible in the reflexive case. 
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1566. (x) Qixyx) €x 

Proof. t564 ©(at, at) x €x . x eY 

\l91 ^.X€X 

Though 'xeiy* and are not equivalent (cf. t^S), 

‘ Q(xy ly)' and ‘Iix,y)' are. 

t666. W(y) Q(x, ly) = I'{x,y) 

Proof. \m ly^Y ( 1 ) 

t564 S(^> ly) =-X€iy [.1] 

t5S4 = I(xyy) 

Q^^x is the class of all members of members of x, 
t667. (x) Qf‘x = :y(3s)(y ez.z^x) 

Proof. t564, *188 (& D28) &‘x = y(3z)(y tz.ztY .z^x) 

tl91, *188 - R567 

Where x is the class of professional baseball clubs, e.g., 
is the class of professional baseball players. If lines and planes 
are conceived as classes of points, and x is the class of all lines 
in a given plane, then Q!‘x is the plane itself. 
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§ 43 . Xero^ One^ Successor 


TO SAY that the Apostles are pious is to attribute a property to 
each man among the Apostles; and to say that we are unfortunate 
is to attribute a property to each individual among us. To say 
that the Apostles are twelve, on the other hand, is to attribute a 
property rather to the class of Apostles; and to say that we are 
seven is to attribute a property to us as a class. These properties 
twelve and seven, symbolically 12 and 7, are properties of classes; 
or, in keeping with our custom of treating properties as classes (cf. 
§ 22), they may be construed as classes of classes. 7 is the class of 
all seven-member classes; 12 is the class of all dozens. In order to 
belong to 7 or 12 or anything else, a class must of course be an 
element; but this is no restriction, for we know that every class 
of seven or twelve or a million members is an element (cf. end of 
§35). 

What has been said of 7 and 12 holds equally of the rest of the 
so-called natural numbers^ viz. 0, 1, 2, 3, etc. Thus 3 is the class 
of all three-member classes; 2 is the class of all two-member 
classes; 1 is the class of all one-member classes; and 0 is the class 
of the no-member class, i.e., 

D36. ‘0* for ^tA\ 

Given any natural number, say 7, the next (viz. 8) is readily 
defined; for a class belonging to 8 (an eight-member class) is 
characterized by the fact that it comes to belong to 7 when a 
member is dropped. A class x belongs to 8 if and only if the 
removal of a member y from x leaves a class (x r^ty; cf. § 35) 
which belongs to 7. 

8 = :v(3y)(y € X . xr^iy € 7). 

In general, given any natural number z, the next is definable as 

(1) ^(3y)(y ex ,xr\ly €z). 

In terms of 0, accordingly, which is already at hand (D36), we can 
define 1 as follows: 
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D37. ‘1’ M ‘.v(3.v)Cve« . xr\ty e 0) \ 

In terms of 1, in turn, we can define 2 in similar fashion: 

D38. ‘2’ for 'xi3y)iy € x . xr^iy e 1)\ 

Similarly we can define 3, 4, and so on, as far as we like. 

Whenever z is an element, (1) designates an element in turn. 

t610. (z) zeY -D ^(3y) (y € x , xr^Ty e z) eV 

Proof. Assignment of 0 to 1 to 'y’ and ‘y'*, 2 to *x^ and 
and 3 to ‘z’ shows that the matrix: 

(3y) {y^Xn (3a: 0 ((y ') iy'^ x\^.y'€X.^{zv){zo€y\^.zv^ y)) . e z)) 
is stratified.^ Hence, by *200 (& DlO), 
zeV 3.x (3y)(y ^ a; . (3A:0((y')(y'€ x' y' e x . y' 7 ^ y) . x' e %)) eV 
t362, *123 

D. jf(3y)(y - (3:v')((y')(y •-- y' cat ty) . 6z)) e V 

(q.e.d.; cf. DlO, 12). 

It is now apparent that 0, 1, 2, etc. are elements. 


t313. 

0«V 

Proof: 

t359 (& D36). 


t612. 

1«V 

Proof. 

1610 (& D37) 

[611 D]612 

t613. 

2«V 

Proof. 

t610 (& D38) 

[612 D]613 


We can extend this series of theorems as far as we like. Each 
natural number is an element. 

The function whose application to any element z yields the class 
expressed by (1), above, will be called the successor function — 
symbolically S. 

D39.^ 'S’ for ^\x(^y){y €X . xn.vy 

^ Note that the use of numerals in showing stratification does not involve any 
circular presupposition of the arithmetic which we are beginning to construct; 
for the numerals so used do not enter into the formulae themselves, but belong rather 
to syntax (cf. Ch. VII) along with the words ‘assignment’, ‘matrix’, etc. The 
case is similar with numerical subscripts on Greek letters. Any sort of counters 
would indeed serve these purposes; the numerical character is not essential. 

® This formulation of the successor function is due essentially to Frege, who is 
likewise responsible for the identification of a natural number with the class of all 
classes having that number of members. See Grundla^tn, pp. 79f, 89f. 
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The successor of any element z is the class expressed in (1). 
'|'614. (z) z e V .D. S‘z = x(3y)(y ex . xr\iy e z) 

Proof. *100 [610 .] 2 « V .D. z « V . R610 

*541 (& D39) D R614 

In view then of the elementhood of 0, 1, etc., we have the fol- 
lowing theorems. 

t616. 1 = S'O Proof. 1614 (& D37) [611 3] 615 

t616. 2 = S'l Proof. t614 (& D38) [612 3] 616 

We can extend this series of theorems as far as we like. 

Though the terminology ‘successor’ suggests interest in S'z 
only where z is a natural number, still the range of functionality 
of S embraces not merely the natural numbers but all elements. 

t617. rS = V 


Proof. *249 

zR610 = V[.= (z)610] 

(1) 

*543 (& D39), *224 617 [= 1] 


X belongs to the successor of an element z just in case x deprived 

of one of its members belongs to z. 


t618. (x)(2) 

z « V .3 : X e S'z .s (3y)(y « x . x/-.^y e z) 


Proof. tl90 

Xr\iy e z .3. Xr\iy e V 


t363 

3.X6V 

(1) 

*100, *163 

(3y)([l .3 y e * • Xi^iy ez) 3. x e V 

(2) 

*230 

X ex L2 .=. X e V . L2 


*100 

S. L2 [. 2] 

(3) 

1614 

zeV.3 R614 


*223 

3.R618[s3] 


Two corollaries follow. 


t619. WCz) 

X € S'z .D (3y)(y € x . xr\ty € z). 


Proof. t535 

X € s'z .D . Z € V 

(1) 

*100 

[1. 618 .D] 619 


t620. {x)iy){z) 

y €X • Xr\iy € Z • Z € V .D. X € S'z 


Proof. *135 

y ex u xr\vy € z .D RR618 

(1) 

*100 

[1 , 618 .3] 620 
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The null class is its own successor. 
t621. S'A = A 

Proof. '\\92 xrsLjeA (1) 

*100 [1 D] ^ (y . ATrMy € A) (2) 

t614(&D8) [21i::).]S'A = :e--Cv)2 (3) 


*12i (& D16) [W((y)2 - 182)D. 3 =] 621 ' 
0 has one and only one member, viz. A. 

1622. A € 0 

Proof. t344 (& D36) [211 =] 622 

'|'623. {x) a; € 0 . s ^ “ A 

Proof. t345 (& D36) a: e 0 . = . [211 .] = A 

0 is not a successor. 


t624. {x) 0 7 *^ S'a: 


Proof. tl92 

y i A 

(1) 

*223 

0 = S^AT -D : [622 s.] A € S'x 


t619 

3 (3y) (y e A . ArsTy e x) 


*156 (& D8) 

D. (y)l . (3y)(A^ty € x) 

(2) 

*100 

[2. (y)l.D]624 



1, the class of all one-member classes, has been expressed in two 
ways in D37 and t^lS; and it receives four more expressions in the 
course of the following theorems. 

t626. 1 = x(3y)(y € x • a: C ty) 

Proof. t623, *188 (& D37) 1 = x(3y)(y e x - xr^ly = A) 
t321, *188 ^xi3y){yex.xC^) 

t275, *227 R625 

i‘626. 1 « ^(3y)(z)(z e x z - y) 

Proof. t3S0, *123 626 [s 625] 

t627. 1 -x(3y)(y€V.x-ty) 

Proof. t349, *123 [626 =] 627 

' This is a striking case of compound bracketing. Its step-by-step resolution 
involves no new idea. First we may bracket out'* (y)2 = then* (.v)182 D.\ then 
*3 s'; or we may follow any of five other orders. 
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Le,, 1 is the class of unit classes of elements. Also it is the 
range of functionality of the membership relation. 

t 628 . l=re 

Proof. f626 1 = ^(3y)(s)(z = y Z€x) 

*245 = x(3y)(z)(z - V X ex(ze x)) 

*230, *188 = xOy)(z)(z ^y,^.z€X.x^V) 

t564, *188 (& D32) - rg 


To have 1 member (or 0, or 2, etc.) is to be a member of 1 (or 0^ 
or 2, etc.). The following theorem says that if x has one member 
then anything y will belong to x if and only if x is ty. 


t629. {x)(y) 

x e \ .^\y €X . = . X = ly 


Proof. t358 

zeY D:y = z.=. iz = ty 

(1) 

*100 

[lD: 32 €V.tz = ty.s.s€V.y = z 


t345 

=.y € iz 

(2) 

*223 

X - LZ U z eV . X ^ ly -s. y ex 2] 

(3) 

*100, *163 

(3z)([3-] z € V . « tz) D R629 

(4) 

t627, *224 

X € 1 X exL-i 


*230 

=.;c€V.L4 

(5) 

*100 

[4 . 5 -D] 629 



.§ 44 . Natural Numbers 

THE NATURAL numbers 0, 1, and 2 have been defined (D36-38), 
and each further natural number is definable by a continuation of 
the same method. Given any natural number z, the next is 

jc(3y)(y € X . xrsTy e z) 

or more briefly S'z (cf. t611-t616, § 43). But the class Nn of all 
natural numbers has yet to be formally defined as a whole. 
Roughly, the definition is of course this: Nn comprises 0, 1, 2, etc., 
i.e., 0, S'O, S'(S'O), etc. The problem is to formalize the "etc.*; 
and the key is provided by the notion of the ancestral. 

S'O is that which bears the relation S to 0; S'(S"0) is that 
which bears S to that which bears S to 0; and so on. To be a 
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natural number, thus, is to be 0 or to bear S to 0 or to bear S to 
something which bears S to 0 or etc. In short, to be a natural 
number is to bear to 0 (cf. § 39). Thus Nn is definable as the 
class of all bearers of *S to 0; symbolically, *S"iO (cf. \i78). 

D40. ‘Nn’ for 
Nn is closed with respect to S. 
t630. S"Nn C Nn Proof: t520 (& D40). 

I.e., successors of natural numbers are natural numbers. 


t631. (*) 

X € Nn .3. € Nn 


Proof. tl90 

X € Nn .3. € V 


t617, *224 

D.xevS 


t532 

3 S(S';v, x) 

(1) 

t467 

S(S^;v, x) nX € Nn -3. S>^x e S^^Nn 

(2) 

*231 (& D21) 

[630 3:]S';veS"Nn .3.S';c€Nn 

(3) 

*100 

[1.2.3 .3]631 



0, 1, etc. are natural numbers. 
t632. 0 6 Nn 

Proof. tSIl *5(0,0) 611] (1) 

t479 (& D40) 632 [si] 

1633. leNn 

Proof. t631 [632 3.] S'O e Nn (1) 

t615, *224 633 [s 1 ] 

t634. 2 eNn Proof similar, using t633 and t616. 

Any class which is closed with respect to S and contains 0 
contains every natural number. 

t635. (jf) C . 0 € -D- Nn C x 

Proof. t510 L635 . .D.yex (1) 

nOO, ni7 L635 D (y)([l.] h.S(v,()) .D.ye x) 

t479, *123 (& D21, 40) D.NnCx 

The form of inference which we considered in connection with the 
ancestral (§ 39) takes on a more familiar aspect when adapted to 
the theory of natural numbers. From the premisses: 
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{x){x -^x^2Xx.D. (S‘x) + (S'x) = 2 X (S'x)), 

0 + 0 = 2 X 0, 

17 € Nn, 

e.g., we infer that 17 + 17 = 2X1 7. Or, incorporating the third 
premiss rather into the conclusion and leaving 17 unspecified, we 
infer from the first two of the above premisses that 

(y) 3 ? € Nn .D. y + y = 2 X y. 

Such inference, called mathematical induction^ is afforded by the 
following metatheorem.^ 

*636. If (t>\ and 4 >q are like <j> except for containing free occur- 
rences respectively of f, and ‘0* wherever p contains free 

occurrences of a, then 

1~ D . f e Nn -D 

Proof, Let be new, and let x be formed from p by putting jS 


for all free occurrences of a. 


*545 (& D39) 

h''S(/3,a)D./3 = SV. 

(1) 

*100 

f- 'Xll]/® “ S'a.D.^D X "^'S(/S,a) 

(2) 

♦102 

|-T(«2D.](/3)L2D 08)R2^ 

(3) 

*234a, *123 (& hp) h ^ (0)^2 [:= 3]^ 

(4) 

*102 

h T(«)4 D.] (a)(^ 3 .^03 W(iS)R2'' 


*101 

3 W(a)R2\ 

(5) 

t479 (& D40) 

l-'‘r€Nn.s*S(f,0)^ 

(6) 

*100 

H T5 . 6 •] L636 .3. (|3)(a)R2 . *S(r,0) . 

<k' 

*521 (& hp) 

3^^ 



Suppose the three premisses in the above example are at hand as 
theorems, numbered say t^ll, t^l2, t813. Then *636 gives: 


[811 . 812 . 813 .3.] 17 + 17 - 2 X 17 
and more generally: 

(y) [811 - 812 .3 y € Nn .3. y + y = 2 X y. 

* Mathematical induction was used and explicitly recognized by Pascal in 1654 
(voK 3, p. 298) and Fermat in 1659 (vol. 2, pp. 4311F). But the principle of mathe- 
matical induction retained the status of an ultimate arithmetical axiom until 1879, 
when Frege defined the ancestral and by its means the class of natural numbers. 
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A Stronger form of mathematical induction is provided by the 
following metatheorem, which is related to *522 as * 6 s '?6 is related 
to * 521 . 

*637. If [etc. as in *636] then 

|- € Nn . <^ .D - T ^ Nn -D i/'"'. 

Proof similar, from *522. 

Illustrations of the use of *637 will appear in the proofs of 
t638 and 1641. 

It may happen that a class x deprived of a certain member y be- 
longs to a class z, while x deprived of a different member w does not 
belong to z. When z is a natural number, however, this will not 
happen; if x deprived of one member belongs to a natural number 
z (i.e., has z members) then x deprived of any different member 
belongs likewise to z. If removal of Peter leaves eleven Apostles, 
removal of John would have had the same effect. This is shown in 
the following theorem. 

t638. (w) (x) (y) (z) z e Nn ,D : y^ zo e x ^ xr\i^ e z , Xr\^ € z 

Proof, *223 w - y Dlxrsl^ € S^z . = . xr\ty € S'z (1) 

*233 

(tv) {x)'R63S D : y, x' 6 xr\'iB . {xr^iw)r\Tx\z •D, (xr^iw)rsLy ez ( 2 ) 
*100, *163 (3;vO([2.J X^ € Xr\ljw - (xr\W) )r\LX^ € z) 

D : («;)(^)R638 , y e xr^iw ,D RR2 
■j'362, *123 D : (zo)(x)R638 .y ex . tv 9 ^ y RR2 (3) 

t362, *123 

w ex .w 9 ^ y . RR2 ,zeV3.we xrsLy . RR2 . z € V 
t286, *224 D,^tv e xr\Zy . xr\ (lwr\Ly) ez . zeY 

1286, *224 D»tve xr\Ly . (xr\l^)r\lw ez n zeY 

t620 D RRl (4) 

t619 LRID L3 

*100 D : [3 - 4 .3(«;)(a;)R638 . y^zv e x . zv 9 ^ y , z eY .DRR1{5) 
tl90 zeNn.D.zeV 

*100 3 : [5 - 1 .] (zv) WR638 , y, tv e x .LRl D RRl (6) 

*100, *117 

z 6 Nn . («;)(a:)R638 .D (w){x) [6-] y,tv ex . LRl.D RRl) (7) 
t620 zvex. xrJw e 0 [. 611] .D. c S'O 
t615, *224 -^.xel (8) 
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*100 [^8 . 629 -3 y, zv , xr\iw e 0 .D. ;e = t}’ 

*223 D:[294 - A 

*223 ^;;^r^^y€0[.- 622] (9) 

*637 [_(z)7 . {zv){x)9 .] 2 e Nn ,D (w)(;c)R638 

*116 D R638 

If 2 is a natural number and y is any member of x, then x will 
have S '2 members if and only if deprived of y has z members. If 
on the other hand y is a member of x (hence any element not be- 
longing to x), then x will have z members if and only if x with y 
thrown in has S *2 members. Such is the import of the following 
two theorems. 


t639. {x){y){z) z eNn ,y €x .Dlx eS^z xr\Ly €z 


Proof. tl90 

2 € Nn .3. 2 € V 

(1) 

*100, 

*163 (3«^)([638 .3 a’ € A . xr\Lza e z)3 : L639 3. xr^iy e : 

s (2) 

t619 

A € 

S'z .D L2 

(3) 

*100 

Cl 

. 2 . 3 . 620 .3] 639 


t640. 

(A)(y)(z) z e Nn . y € 5 .3: a e 2 -s, Awty e S'z 


Proof. t344 

y € V .3. y € ty 



*100 

3 : y € A .V. y € ty 



t271 

3. y € Av^iy 

(1) 


t639 

2 € Nn , Rl .3 : (Awty)r^ty e z A^ty € S ^2 

(2) 


t327 

LX C A .3. A = (Aoty)'^O’ 



*223 

3 2 e Nn . Rl .3 R640 [:= 23 

(3) 


t342 

y e X . = . y € V , ly C x 

(4) 


*100 

[1.3.4 -33640 



If A* and y are finite classes having the same number of members, 
in other w^ords if x and y belong to the same natural number, then 
the following theorem show^s that x coincides with y if included 
in y. 

1641. (^)(y)( 2 ) 2 € Nn .3 : A, y € 2 . A C y .D, A = y 

Proof. t342 zv € X JD , w eY m Lzv C a 
*100 3. LZC' C A 

t326 3. A - {xr\a(})K^L‘:v (1) 

*223 xr^Ev = yr^Ev .3 [1 ex ,3. x - (yr\Ed)K^iu* (2) 

*104 [(a)1 3 :] et' € y .3. y == {yr\Ed)y^LW 

*223 3:: L2 3: € A -3. A = y [.:= 23 (3) 
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(4) 


*|'329 X C y xr\t,w C yr\iw 
*233 

(;tf)(3;)R641 D : xr<^y € z . R4 .D L2 
*100 D 1 Xe<vui)^ yr\m € z . R4 . 26 ' € ^ • ZC' € y -D. « y (5) 
t639 z € Nn . 24^ €y ,3: y € S^z -s. y/-»Z^ ez (6) 

*110 (& D21) xQy 3.W ty 

*100 3 : [5 . 6 .] (;v)(y)R641 - Xi<m € z . R4 . 

w ^x .zt Nn - y c S'z .3. ;v = y (7) 
*100, *163 (3«;)([4 - 7 •] 24 ; € ^ - xr<m t z)3 : 

(^)(y)R641 - z c Nn . y e S'z . at C y .3- at = y (8) 
t619 a?6Sz.3L8 (9) 

*100, *117 

zeNn- (^f)(y)R641 .3 (;»:)(y)([8. 9.]^»y «S'z.;c C y .3.;v = y) (10) 
*100 AT, y € 0 . ^ C y .3. y € 0 

t356 (&D36) 3.jc«y (11) 

*637 [(z)10 . (A;)(y)ll .] z € Nn .3 (A;)(y)R641 

*116 3 R641 


§45. Counter Sets 

WHEN WE augment a class x by throwing in the class itself as 
additional member, we have x tx. Thus where x is the class of 
the twelve Apostles, x kj vx has thirteen members: the twelve 
Apostles and the class of them. Where y is this class x ^ uc oi 
thirteen, y w ty in turn has fourteen members: the thirteen mem- 
bers of y and y itself. In this fashion we can generate an unending 
series of classes, each having one more member than its prede- 
cessor. 

X iXj which will be called the self-augment of x, is an element 
whenever x is. This cannot be established by direct appeal to *200, 
because the stratification condition is not fulfilled; but it can be 
established indirectly, as in the first line of the following proof. 
The converse also holds, as the rest of the proof shows.^ 

' With help of t363 it is not difficult to prove, more generally,- that 
W(y) " e V . s . ty e V. 
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t660. (x) 

X eY -s. xk^ix eV 


Proof. t273 

€ V [^- 359] .3. Xk^uc € V 

(1) 

*223 

tAT = A -3 : XK^tx * X [.s 297] 


*223 

3 650 

(2) 

*100 

[1.2. 343 .3] 650 

The self-augment function, whose value for 

any element x as 


argument is will be called Sa. 

D41. ‘Sa* for %(x^uc)\ 

In view of t650 we have the following theorems. 
fGSl. {x) a: € V .3. Sa‘:v ~ Xy^ix 
t662. r Sa = V 

Proofs like those of t614 and t617, using t650 instead of t610- 

If X is the class of Apostles, then Sa'^r, Sa‘(Sa‘;c), etc. are the 
classes of thirteen members, fourteen members, etc. which were 
considered above. But if instead of starting with that twelve- 
member class we take x as the class of zero members, viz. A, then 
Sa‘;i: is the class A w lA, i.e. A, having the one member A; 
Sa^(Sa^A:) is A V/ uX, having the two members A and A; 
Sa^(Sa^(Sa';c)) has the three members A, A, and A w tA; and so on. 
The classes making up this series will be called counUr sets^ Just 
as the class Nn of natural numbers comprises 0, S'O, S'(S'O), 
etc., so the class Cs of counter sets comprises A, Sa'A, Sa^(SaA), 
etc.; and accordingly, just as Nn was definable as *S“tO, so Cs 
is definable as *Sa“A. 

D42. "‘Cs* for ‘(♦Sa'^A)*. 

The interesting feature of Cs is that it contains one member 
from each of the natural numbers. The counter set A is a member 
of 0, the counter set Sa‘A is a member of S^O, the counter set 
Sa'(Sa‘A) is a member of S^(S'O), and so on (cf. t663). In the 
counter sets we have a guarantee that for every natural number z, 
no matter how high, there is a class of z members. This conclusion 

1 So-called because they are to serve as counUrs in certain formal developments 
rather analogous to the process of counting. The term was suggested, in a different 

L..4. K\r mtr P T^fiwAn 
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will be drawn formally in t664; and from this basis it will be found 
possible (§46) to proceed to a theorem establishing the infinitude 
of V. 

The following six theorems and metatheorems are exactly 
analogous to six in § 44. 


t663. 


Sa ^Cs C Cs 

t664. 


a; € Cs .3 - Sa^AT e Cs 

t666. 


A € Cs 

t666. 

w 

Sa^^AC C AC . A € a: .3, Cs C AC 

*657, If rpy (l>\ and are like 4 » except for containing free occur^ 
rences respectively of f, ^Sa^a^, and ‘A' wherever ip contains free 
occurrences of then 



f- '’(«)(^ D • r e Cs .D 1^’’. 

*668. 

//[etc. 

as in *657] then 


‘"(a) (a € Cs . -3 • f € Cs .3 


Proop like those of t630-t^32, t635-“t637, using 1^52, t653, 
and t211 instead of t617, t630, and 

6 is the relation which an element bears to any element of which 
it is a member (cf. § 42). Hence its proper ancestral *6 j 6 is 
the relation of an element x to an element y such that a; is a mem- 
ber of y or a member of a member of y or etc. (cf. end of § 39). 
Now the following theorem shows that no counter set bears 
* 61 i 61 to itself; i.e., that no counter set is a member of a member 
of ... a member of itself. 

t669. {x) AC € Cs .3 ^ (♦ e I 6 )(a:,x) 

Proof. tS62 (1) 

t422 [1 3.] ie^I)(y,x) 3 ^Q(y,x) (2) 

*100 [650 . 344 :] y € A? -v. y € «c : R650 :3 : 

y^Ac.ACfV.v. yea ixcAc.v.Acea : R6S0 (3) 

t271, *123 

y e x^yix . R650 Dly ex . x eY y € ix Z x e x^ix - R650[.:s3](4) 
t564, *123 6(y, Arwa)3: 6(y,Af) V. y e a : 6 (ac, Afv^a)[.:s 4] 
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t554, "'123 D. 6(y^) v /(y^) . Q(,x, x^jix) 

t424, *123 D, {Q^Diy^) . 0 (*, x^uc) (5) 

t487 m e (x^jix, y).*Q (y^) .3 (* © [ * 6) {xkjix, x) 

t517, *224 3*e(;cww,*) (6) 

*100, *163 

(3y)(C6 . 5 . 2 J y) . 6(y, D. RR5 . R6 (7) 


t486, *123 (* Q i e)(a:^u:, x^ix):). RR5 . R6 [:s 7] 

t487 3 (ei*e)(*,;c) 

tS24, *224 3 (♦©! e)(;c,^) (8) 

*223 Sa.‘x = .3 : (*© [ e)(Sa';e, Sa‘x) 3 R8 [.s 8] (9) 

tl90 *tCs.3.A:«V (10) 

*100 CIO . 651 . 9 .] a: e Cs . R659 .3 ~ LR9 (11) 

t564 e(*,i\.) s. * « A [. 211] (12) 

*100 [12 . 192 .3] ~ (*e(A,Ar) . Q(x^\.)) (13) 

*131 ~(3x)(*e(x\,*) . e(*,A)) C= (*)13] (14) 

t486, *123 ~(*e i e)(A,A) [s 14] (15) 

*658 [(at) 1 1 . 15 .] ;c « Cs .3 R6S9 

It follows that no counter set is a member of itself. 

t660. (ac) AceCs.3.xix 
Proof. -tsn ec*eie (i) 

1422 [1 3.]e(^,^) 3 (*et (2) 

*100 [2 . 659 . 565 .3] 660 


I.e., Cs is included in Russell’s class. 

t661. Cs C xix i x) 

Proof. *313 [(*)660 s] 661 

Thus V is not a counter set. 

1662. V e Cs 

Proof. 'f660 V«Cs.3.V6V (1) 

*100 [1 . 210 .3] 662 

It is not always true that x \j uc has one more member than x. 
If X is a member of itself, x ^ tx is simply x\ for example, 
V w iV = V. If AC is not an element, ac w uc is again simply ac 
(cf. t343). When ac is a counter set, however, we may be sure that 
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its self-augment x ix (or Sz^x) will have one more member than 
X, This is established in the following theorem. 


t663. WCy) 

;? € Cs . y € Nn .3 : a; c y .s. Sa^A: e S'y 


Proof. tl90 

a: € Cs .3, a: € V 

(1) 

*100 

[1 - 660 . 651 J a: € Cs .3. € V . a: € a; . R651 


*235 (& D20), *123 D.*«5.R651 

(2) 

t640 

y € Nn . X €X Dlx ey .s. x\^ix e S'y 

(3) 

*223 

R6S1 3 y € Nn .x ex 3 R663 [: s 3] 

(4) 

*100 

[2 -4.3] 663 



It can now be proved that every natural number has a counter 
set as member. 


t664. (y) y e^n D(^x)(x €Cs . X ty) 

Proof, *232 [655 • 622 .3] (lx)(x eCs.x^O) (1) 

*100 [654 . 663 L663 ^x ey D. R654 . Sa'^v € SV 

*232 3 (3x)(x eCs uX € S'y) (2) 

*100, *163 (3:v)([2 -3 ^ € Cs - ;c € y) 3 : y c Nn .3 R2 (3) 

*100 [3 .] y € Nn . R664 .3 R2 (4) 

*637 [(y)4.1.]y€Nn.3 R664 


§ 46 , Finite and Infinite 

THE FOREGOING theorem shows that for every natural number 
y, no matter how high, there is a class (in fact a counter set) having 
y members. No- natural number is empty. 

t670. A ? Nn 

I^roof *100 [192 3] (;r € Cs . € A) (1) 

t664 (& D8) A € Nn .3 -- (x) 1 (2) 

*100 [2.(a;)1.3]670 

The classes belonging to the successive natural numbers run 
larger and larger without limit, but each is finite. On the other 
hand an infinite class belongs to no natural number whatever; 
where x is an infinite class there is no natural number y such that 
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X has y members. The members of an infinite class are in this sense 
literally innumerable. 

If a class X were finite and yet not an element, then membership 
of in a natural number would be impossible despite the finitude 
of x\ for a non-element is Incapable of membership. However, we 
know there are no finite non-elements (see end of § 35). Member- 
ship in a natural number thus provides a simple and adequate 
formal definition of finitude. The class Fin of all finite classes is 
the class of all members of natural numbers, i.e. 6''Nn (cf. t567). 

D43. ‘Fin’ for ‘(©'‘Nn)’. 

A class is finite if and only if it belongs to a natural number. 

f671. (:»!:) X € Fin .s (3y)(^ e y . y € Nn) 

Proof. t567, *224 (& D43) x e Fin ex R671 
*230 s.;t;€V.R671 

*158 s (3y)(Rl91 -y eNn) 

tl91, *123 - R671 

A class (element or non-element) is infinite if and only if it does 
not belong to Fin; i.e., if and only if it belongs to no natural 
number. One such class is V. 


t672, (x) {Y ex .x€ Nn) 


Proof. t333 

y C V 

(1) 

t641 

X € Nn .D : y, V € a: []. 1] -D. y =* V 

(2) 

♦223 

y = V .D : y € Cs [. s 662] 

(3) 

*100, *163 

(3y)(C2 - 3 -] y € Cs • y c x) D 672 

(4) 

t664 

X € Nn -D L4 

(5) 

*100 

[4 . 5 .3] 672 


t673. V i Fin 

Proof. t671 (& D8) V « Fin .s ~ (*)672 

(1) 

*100 

[1 . (*)672 .3] 673 



The class of V of all elements is thus infinite; in other words, 
there are infinitely many elements. 

Whereas all finite classes are elements, it is not true conversely 
that all elements are finite; for V itself is an element (t210) and 
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yet infinite. The class of infinite elements is Fin; and V belongs 
to it. 

t674. V € Fin 

Proof. *235 (& D20) 674 [s, 210 . 673] 

From t673 we see that for every finite class x there is an element 
not belonging to i.e., there is something belonging to x. 

t676. (a;) X € Fin .D (3y) (y e 

Proof. *223 = V -D : jc € Fin [. s 673] (1) 

*100 [1 . 335 .] a: e Fin O -- (V C x) 

*100, *123 (&D21, 8) D (3y)(y e V . y 

*230 (& D20), *123 D (3y)(y € x) 

An important property of the successor function which was not 
established in §§ 43-44 is as follows: if x and y are natural numbers 
having the same successor then x - y. The successor of a natural 
number x determines x uniquely. In fact, if w is the successor of 
a natural number x then x is fixed in terms of w as 

y(32)(z ey - yv^a € zv). 

This is established in the following theorem. 

’|■676. (x) ’ X € Nn -D. ac = y(3z)(z e y . y e S^ac) 


Proo/. *135 

y € a; . X € Nn .3 (3ac) (y € a: - ac € Nn) 


t671 

3- y € Fin 


t675 

3 (3z)(z€y) 

(1) 

*100, *117 

ATcNn .3 (y)([l 3:]y €Af .s. Rl ,y €a;) 


*121 

3 : [189 =•] X = y(Rl . y e at) 


*158, *123 

3 . AT - y (3z) (z € y - y € Af) 

(2) 

t640 

X € Nn - z €y .3 : y € Af .s, y^^l% € S^a; 

(3) 

*100, *117 

xiNnD (y)(z)([3 3:] z ey . y € AC .s. z €y 

.RR3) 

*121 

3.[2 s] 676 

(4) 

*100 

[4 3] 676 



It is now easy to prove that if x and y are natural numbers 
having the same successor then x ^ y. 

t677. {x) (y) x,y€ Nn • S^x = S'y .3. ap ** y 

Proof. t676 X e Nn .3. x == w(3z)(z € zv . zvk^lz t S^a;) 


( 1 ) 
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t676 y 6 Nn .3. y - w{'iz)(z€W . e SSO (^) 

*228 S';c = S'y . R1 . R2 .s, S^;c - = RR2 - R2 

*228 s. S';c = S'v ,x^y.R2 (3) 

*100 [1.2.3.D] 677. 

This theorem, despite its elementary appearance, depends for its 
truth upon the infinitude of V. For, suppose V had only a finite 
number of members — say 93. Suppose, in other words, there 
were only 93 elements. Then no class could have 94 or 95 mem- 
bers; i.e., there would be no classes belonging to 94 or 95. Hence 
94 and 95 would both be null; i.e., 

S^93 = S^94 - A. 

Despite the identity of S^93 and S^94, however, 93 and 94 would 
remain distinct; for 93 would have V as member while 94 would 
have no members. Thus t677 would be violated. 

Actually, however, V is infinite (t673) and no natural number 
reduces to A (t670). Proof of t677 had to be deferred till after 
proving these things. Note that the proof of t677 uses t^76, whose 
proof in turn uses t675, which is a corollary of t673. 


§ 47 . Pou ers of Relations 

The ancestral is, we have seen, the relation of any element % 
to any element w such that z is w or bears at to a; or bears x to some- 
thing which bears x to or etc. The pairs composing the relation 
♦a; are hence classifiable as follows. First, there are’ the pairs 
zyu) such that z and w are the same element. The relation com- 
prising these pairs is /. Second, there are the pairs z\w such that z 
bears x to w. The relation comprising these pairs is x (x itself, if x 
is a relation). Third, there are the pairs zyw such that z bears x to 
something which bears x to w. The relation comprising these is 
the relative product x j x. Fourth, there are the pairs zyw such 
that.s bears x to something which bears x to something which bears 
X to w . The relation comprising these is (a; j a;) | x. The fifth 
relation of the series is ((a: | a;) ] ac) ] at; and so on.^ 

^ The position of the parentheses is of course immaterial; cf. 
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These relations are known as the relative powers of sym- 
bolically x^y x^y x^y etc. If X is the parent' relation, then is 7 
(as always); x^ is the parent relation again; x^ is the grandparent 
relation.; is great-grandparent; and so on. Relative power is 
not to be confused with the familiar notion of power which occurs 
in arithmetic; the relative power stands rather to the relative 
product as the arithmetical power stands to the arithmetical 
product. The arithmetical notions of sum, product, and power 
will be taken up in § 48; but the present notion of relative power 
also has an arithmetical ingredient, in that the y of is ordinarily 
a number. 

Where y is any natural number, is the relation borne by the 
first element zo to the last element Zy of any sequence zo, zi, . , . , 
%y such that x(zoy Zi), x(ziy Z 2 ), . . . , x{Zy-iy Zy). Where x is the father 
relation, e.g., 

A:^(Kenan, Methuselah); 

for it is written that :v(Kenan, Mahalaleel) and jjf(Mahalaleel, 
Jared) and :v(Jared, Enoch) and ;c(Enoch, Methuselah). But the 
sequence zo, Zi, . . . , need not always be composed, like 

Kenan, Mahalaleel, Jared, Enoch, Methuselah, 

of distinct elements; where x is the brother relation, e.g., Romulus 
will bear pfi to Remus in view merely of the repetitive sequence 

Romulus, Remus, Romulus, Remus, Romulus, Remus. 

The intuitive description of at the head of the foregoing para- 
graph turns on numerical subscripts, which must now be elimi- 
nated if we are to devise a formal definition of The business of 
counting off, accomplished informally by the subscripts, can be 
accomplished more formally by pairing the elements zo, Zi, . . . , Zy 
with the successive natural numbers from 0 to y in the fashion 
Zo;0, Zi;l, . . . , Zy*;y. The relation which any such pair Zt;i bears 
to the next following pair Zi+i ; i + 1 will be called b^;. This is a 
relation of pairs, and hence a class of pairs of pairs; it is the 
relation of any pair m;n to any pair w';(S^n) such that n is a 
natural number and x(mym^). 

To say that z bears pc^ to an element w, now, is to say that z;0 
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is connected with w\y by a bAr-series of pairs; in other words, that 
z;0 either is w\y (in which case y = 0) or else bears bx to ic;y (in 
which case y = 1) or else bears to something which bears b^: to 
w;y (in which case y « 2) or else .... In short, the power is the 
relation of any element z to any element w such that z;0 bears the 
ancestral n:bx to w;y. 

The auxiliary relation bx admits readily of formal definition. 
D44. ^bf"' for 

^<$^( 3 a 0 ( 3 / 3 ')O 7 )(a = . |S = i 3 ';(S' 7 ) .7 eNn . f(a',^'))“*. 

Finally the power x^ is zu^(*bx(z;0, e£?;y)), as remarked. 

D46. for 

Suppose, e.g., that x is the father relation. Then any father 
paired with any natural number will bear bx to his child paired 
with the next natural number. Thus in particular 


Accordingly 
and hence 


bx (Kenan;0, Mahalaleel;!), 
bx (Mahalaleel;!, Jared;2), 
bx (Jared ;2, Enoch ;3), 
bx (Enoch;3, Methuselah ;4). 

*bx (Kenan;0, Methuselah;4) 

x^(Kenan, Methuselah). 


Only the first two theorems make explicit mention of bx. 


t680. (zo)(x)(y)(z) 

€ Nn .3- bx(y, z;(S'«;)) = (3y')(y = - x(y', z)) 


Proof. t536 

1 


(1) 

t536 


SVeV 


(2) 

t411 


y';w c V 


(3) 

t411 


s;(S^«;)£V 


(4) 

*223 


w - w' Dizv € Nn .s. w' € 

Nn 

(5) 

*226 


w => zo\D. = S^zo' 


(6) 

t677 


fVj w' € Nn . .3. 

to = w' 

(7) 

*100 

[5.6. 

7 . J 6 Nn .3 : 

S‘» = S'k;' 

.w'eNn (8) 

t417 

z'eV[. : 

Z . Ij .3 : z;(S*a^) = z';(SW) 

. . 2 ~ 2 . 

S'o- = S'stf' (9) 
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*434 (& D44) LR680 s. y « V [. 4^ . (ByOCBzOCHwOCy = y'\w ' . 

LR9 . w' f Nn . x{y',z')) (10) 

*234b 

= y'izo . x(y',z) .s (3z')(y = y';to . x(y',z') .z - z') 

234b, *123 s (3z') (3zw') (y = /;«''• x{y',z') .2=z'.w=?w')(ll) 
*121 l(y')n D:]y6V. (3/)Rll .=. y « V . (3y)Lll 
*158 s (3yO(y6V.Lll) 

*228, *123 s (3y')([3.]Lll) (12) 

*100 (& D24), *117 

weNn-.D (yO(zO(w')(C8.9.D:] 

LR9 . w' « Nn . x(y', z') .s. x(y', z') ,z = z' .w = w') 
*121 D:.[10 s;]LR680 =.y «V. (3y') Rll 

*122 D, R680 [= 12] 

t681. (jc)(y) yeV. 3. = zab{z = w . 0 = y .v (*5* [ ba:)(z;0, w,y)) 

Proof. t411 2;0 6V (1) 

t563,*224' *bj((z;0, w;y) ^ (I^ibx \ *bac))(2;0, zv;y) 
t524,*224 s (/v^(*bje j b*))(z;0, w;y) 

t424 s. /(z',0, «;;y) v (*b;c j b*)(z;0, w,y) 

t552,*123 =•[!•] s;0 = v)\y .v (*b;« 1 b*)(z;0, w,y) (2) 

t417 y, z « V [. 611] .3: z;0 = w;y z = w . 0 = y (3) 
*100,*117 

y « V .3 (z)(a;)([[2 . 3 .3 :] z, e V . L2 . = . z, w e V . RR3 v RR2) 
*433 (& D45), *123 

3 {z){to){x’{z,w) = RR681(z,a')) 
t447 3 R681 

The next two are the main theorems on relative powers. 


t 682 . (x) = / 

Proof. t624 0 S y' (1) 

t536 Sy'eV (2) 

t416 z « V Q 611 . 2] . z;0 = z';(S‘y') .3.0 = S‘y' (3) 

*100, *163 (3y)(3zO(3y')Cl . 3 .] «; = y;y' . z;0 = z';(S'yO • 

V € Nn . x(y,z')) 3 . z i V (4) 
*434 (& D44) bx(io, z;0) s. z;0 « V . L4 (5) 

*100, *163 (3w)([S . 4 .] ♦b* (y ;0, w) . LS) 3 . z « V (6) 

t486. *123 (^bx 1 bx) (y ;0, z;0) 3. z i V 6] (7) 

tl82 0 = 0 (8) 


*100, *163 
t486, *123 
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t681 


[611 D.]x“ = yz(y 

= 2 [. 8] .V 

L7) 


*100 (& D2S), * 

188 .= yz(z 

eV:y = z.v 

'L7) 


*100, 

*188 

= yz([: 

rD.jzeV.; 

y = 2 ) 


t5S3, 

*188 (& D26) = I 




*437 


= I 




t683. 

{x)(y) 

y € Nn .D. x®‘^' 

= x^!x 



Proof. 1624 

0 5^ S'y 



(1) 

t536 


S'y*V 



(2) 

*100 


1 1 

I-* 

u 

1 — 1 

1 

II 

0 = S'y) 


(3) 

t681 

[2D.] 

x“^ = zw(z = a’ . 0 = 

S y .V (*bx 1 

bx)(z;0, w 

;(S‘y))) 

*100, 

*188 

= za>([3 D] (*bx 1 

bx)(z;0, tvi(S‘y))) 


t486. 

*188 

- zw(3y')(*bx(z;0, y') . bx(y', 

«-;(S'y))) 

(4) 

1680, 

*117 






y « Nn .3(2)(a')(j')(b*Cy'» tei;(S‘y)) = (3z'Xx(z',a/) . y' = z';3;)) 
*121 3: [4=.] 

2f&(3yO(*b;r(2;0, y') . (3z')(x(z',«>) . y’ = z';y)) 
*158, *123 D. K5(3y0(3z')(*bx(z;0, y') . x(z',tc;) . y' = z';y) 
*138, *123 3.;(®‘''=2»(320(3y')( “ “ “ ) 

*234b,*123 D. zw(3z')(*b*(z;0, z';y) . x(z', w)) 

*100 (& D25), *123 

D. = 2a;(z « V . (32')(*b;c(z;0, 2';y) . x(z',«>))) 

*158, *123 D. x^^ = z«2'(3z')(z e V . *b*(z;0, z'jy) . x{z',w>)) 

*100 (& D24), *123 

D. x^'^= zw(32')(z, z' e V . !icbx(z;0, z';y) . x(z', to)) 

*433, *123 (& D45, 29) 

D R683 

For each natural number y, the above two theorems explain ^ 
step by step in terms finally of /, x, and relative product. 

I X = 7 1 a: (= x; cf. t559), 

*= xi I X - (7 I x) ! X (* X 1 x), 

X* = X® 1 X = ((/ 1 x) 1 x) 1 * (= X 1 X I x), 

-etc. Where y is not a natural number, xP' is uninteresting — 
though of course still defined by D45. 

It is next shown, by mathematical induction on the basis of t682 
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and t<583, that the order of the relative product in f683 is in- 
essential. 

1684. (*)(y) y e Nn .D. x |(ar'') = x’’ | « 

Proof. *226 R684 3. (x | (**)) 1 * = (x’’ | x) | a: 


t491, *224 3. a? I I ar) = | *) 1 a; ( 1 ) 

*223 R683 3 R684 3 . a; | (/‘^) = ar®*’' | a; [: s 1] (2) 

*100 [683 . 2 .] y € Nn . R684 .3 RR2 (3) 

t559, *224 a:l/ = /|;cC.s 560) (4) 

t682, *224 ar I (a:<>) = I ar [.s 4] (5) 

*637 [(y)3.5.]y<Nn.3 R684 

t686. (x)(y) y < Nn .3. ar®’’ = a; | (x^) 

• Proof. *223 R684 3. 685 [s 683] (1) 

*100 [684 . 1 .3] 685 


The concluding theorem shows that if the range of a function x 
embraces all elements, so do the ranges of the relative powers of x. 


t686. W(y) y « Nn . rar = V .3. r(a") = V 
Proof. t539 ta = V .3. r(a^) C r(a \ (a^)) (1) 

*223 r(a^) = V .3 [1 s :] LI 3 . V C r(a ] i^)) 

t335, *123 3 : Ll 3. r(a | (a^)) = V (2) 

*223 R685 3 :: r(a^) = V .3 : Ll 3 . r(a®‘^) = V [.:s 2] (3) 

*100, *117 

Ll 3 (y)([685 . 3 ,] y « Nn . r(a") = V .3. r(a®‘^) = V) (4) 
t682, *224 rfa") -V[.s551] (5) 

*637 R4 [. 5] . y € Nn .3. t(a»') = V (6) 

*100 [4 . 6 .3] 686 


Whitehead and Russell (vol. 3, *301) define the relative power by a different and 
more complicated method. Between my version of relative power and theirs there 
is incidentally a minor divergence analogous to that noted in connection with the 
ancestral. This divergence shows itself only in the case of sfi, which is not I for 
Whitehead and Russell but rather 

yz(y « z , (3«»)(^(y> w) V x{wt y))). 

See the end of § 49 for two more theorems on relative powers. 
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§ 48 . Arithmetical Sum, Prod ct, Pouer 

WHERE a: and y are any natural numbers, their sum x y \s the 
number obtained from x by y additions of 1. In other words, 
:ie -f y is the successor of the successor . . . (y times) of x. Thus 
AT + y is definable as that which bears the yth relative powder of the 
successor relation to x\ symbolically *x, 

D46, + for 

The product x X y oi natural numbers x and y, again, is the 
number obtained from 0 by y additions of x. Thus ;c X y is de- 
finable as that which bears the yth relative power oiXjyc -f z) to 0; 
symbolically \{x + '0. 

D47. "(fXTjr ioT 

The power x y^ again, is the number obtained from 1 by y mul- 
tiplications of x} It is definable as that which bears the yth 
relative power of Xj(a: X z) to 1. 

D48. jOT ^(Xa(rxa)"'lA 

t683 and t682 were seen to explain step by step in terms 
finally of /, x^ and relative product, where y is any natural number 
(cf. § 47). Analogously the following two theorems explain x -^y 
step by step in terms finally of x and successor. 

t690- (;c) X € Nn .D. jc + 0 = 

Proof, ;reNn.3.jf€V 

tSSO D.Tx^x 

t682, *224 (& D46) D. at + 0 = 

t691. (jf)(y) y € Nn .3. a: + (S y) = S'(;t -f y) 

^ This notation, consisting of a radical sign inverted, is Peano’s. I have adopted 
it in preference to the usual exponent notation for two reasons: to avoid confusion 
with the notion of relative power, and to prepare the way for the attachment of 
subscripts ‘s’ and ‘r’ in § 50. Beyond the scope of the present study these con- 
siderations cease to be relevant, and reversion to the usual exponent notation 
beconaes possible. 
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Proof tl90 ^6 t(S®‘’') .3 . * 6 V (1) 

t538 (&D46) ;c€r(S^).D.(S| (S^))';c = S‘(A: + y) (2) 
t533 (& D46) ~ LI 3. * +(S‘y) = A (3) 

tS33 (& D46) ~ L2 3. a: + y = A 
*223 3:S‘'(* + y) = A[.s 621] 

*223 3 : ~ LI 3 R691 [. s 3] ( 4 ) 

t 686 yeNn[.617].3.r(S^) = V 

*223 3:Ll3L2[.si] ( 5 ) 

t685 y6Nn.3,S®‘’’ = Sl(S^) 

*223 (& D46) 3 : L 2 3 R691 [.s 2 ] ( 6 ) 

*100 [ 4 . 5 . 6 .3] 691 


Thus, where x is any natural number, 

+ 0 = Af, 

* 4- 1 = S'(« + 0) = S'x, 

X + 1 = S‘(;r + 1) = S‘(S'*), 

+ 3 = S‘(a: + 2) = S‘(S‘(S'*)), etc. 

Analogously the following two theorems explain x y.y step by 
step in terms finally of 0, x, and sum. 

t692. (x) X X 0 = 0 

Proof. tSSO [611 s.]/'0 = 0 (1) 

t682, *224 (& D47) 692 [si] 


•f693. (*)(y) y « Nn .3. x x (S'y) = * + (x x y) 

Proof. t536 (& D46) x + z « V (1) 

t536 (&D46) *+(xxy)eV (2) 

t536 (& D47) X X y € V (3) 

*542 [3 . 2 .3 .] \{x + z) ' (x X y) = X + (* X y) (4) 

*193 [(z)l3.]V = zl 

*543 = r X,(* + z) (5) 

1686 y 6 Nn [. 5] .3 . r (X,(x + z)’’) = V 

*223 3 : 0 er(X,(a: + %Y) [.s 611] 

t538 (& D47) 3. (X.(x + z) | (\ (x + z)^))‘0 = L4 

*223 3: “ “ “ “ =R4[.s4](6) 

t685 y e Nn .3 . X,{x + = X,(x + z) | (X,(x + z)^) 

*223 (& D47) 3 . 693 [s 6] (7) 

*100 [7 3] 693 
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Thus, where x is any natural number, 

X 0 = 0, 

;tXl=A;4-(Arx0)=A;-l-0 = :v, 

^x2=;v + (^Xl)=Je-fA-, 
xx3=^x-hixx2) = ^ -f (a: + ;ic:), etc. 

Analogously the following two theorems explain x y step by 
step in terms finally of 1, x, and product. 

t694. (x) Af yA 0 = 1 

t696. (Ar)(y) y € Nn -D. Af A (S'y) = at x A >0 

Proofs analogous to those of t692 and t693. 

Thus, where x is any natural number, 

AC AO = 1, 

acA 1 = ACX (ac AO) = a;X 1 - x, 

AcA2=AfX(AcAl) = ACXAf, 

AC A 3 = AC X (ac A 2) = AC X (a: X Ac), 
etc. 

Where x and y are not natural numbers, ac H- y, ac X y, and ac A y 
are uninteresting — though of course still defined by D46-48. 
So long as x and y are natural numbers, ac + y, at x y> and ac A >’ are 
natural numbers as well; this is established in the following three 
theorems. These theorems, and subsequent ones likewise, are 
proved from the above six with help of mathematical induction. 


fBSS. (a;) (y) ac, y e Nn .3 • ac + y e Nn 

Proof. t631 R696 3. S^(ac -H y) € Nn (1) 

*223 R691 3 R696 3 . a: -f (S y) e Nn [:= 1] (2) 

*100 [691 - 2 .] y € Nn : ac e Nn .3 R696 :3: ac € Nn .3 RR2 (3) 

*223 R690 3:A: + 0€Nn.-.Ar€Nn (4) 

*100 [690.4.]^€Nn.3.Ac + 0€Nn (5) 

*637 [(y)3 - 5 y € Nn .3 : ac e Nn -3 R696 (6) 

*100 [6 3] 696 

t697. (ac) (y) AC, y € Nn -3 . AC X y e Nn 

Proof. t696 x,xxye Nn .D . * + (* X y) « Nn (1) 

♦223 R693 D H D. * X (S'y) « Nn [:s 1] (2) 


*100, *117 if«Nn.D(y)(C693.2.]yeNn.*xy«Nn.DRR2) (3) 
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t692, *224 

a; X 0 c Nn [.= 632] 

(4) 

*637 

R3 [. 4] - y € Nn ,Dn x X y ^ Nn 

(5) 

*100 

[3. 5. D] 697 


t698. ix)(y) 

x,y€ Nn .D, X y e Nn 



Proof similar. 


§ 49 . Familiar Identities of Arithmetic 


THE. 

FOLLOWING is the associative law of addition. 


t710. 

(a:)(y)( 2 ) y, z e Nn ,D. (* + y) + z = * + (y 

+ z) 

Proof. t690 R696 D-(Af-f-y) -fO ==:v+y 

(1) 

t690 

y « Nn .3. y + 0 = y 


*223 

D ■■ R.696 3« y) -!■ 0 = a? -i" (iy 4“ 0) 

1] (2) 

*100 

[696 . 2 .] L696 .3 . (* + y) + 0 = + (y + 0) 

(3) 

t691 

z « Nn .3. (jc + y) + (S'z) = S'((a: + y) + z) 

(4) 

*223 

R710 3:. [4 s:] L4 3. LR4 = S'(* + (y + z)) 

(5) 

t696 

y,z « Nn .3. y + 2 e Nn 


1691 

D.x + {S‘(y+z))=S\x + (y+z)) 


*223 

3::R710 3: U 3. LR4 = a: + (S'(y + z))C.:= 

s53(6) 

t691 

L4 3. y + (S‘z) = STy + 2) 


*223 

3 L6 3 R710 3 : L4 3. LR4 = * + (y + (S'z)) 




6] (7) 

*100 

[7 .3L4. L696 3 R710 .3 : L696 3. LR4 = a: +(y + (S'z))(8) 

*637 

C(2)8.3.]L4.3.L696 3 R710 

(9) 

*100 

[9 3] 710 



The above theorem carries an antecedent which limits the values 
of all the variables to natural numbers; and the same is true of the 
eight ensuing theorems. Proofs of such theorems can be shortened 
by agreeing simply to disregard clauses of the form ^fcNn^ 
This course is justified by the fact that any clause e NrP which 
would be required in the full proof of such a theorem is readily 
derivable from the antecedent of the theorem with help of 1631 
and t696-t698 (or perhaps provided outright by t632 or t633). 
Shortened in this fashion, the above proof assumes the following 
form. 
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3690 

(A: + y)+0 = x + y 


3690, *227 

= * + (y + 0) 

(1) 

*226 

R710 3. S‘((a: + y) + z) = S‘{Ar + (y + z)) 


3691, *224 

3. (a? + y) + (S'z) = .X + (S‘(y + z)) 


3691, *224 

3. (a: + y) + (S'z) = Af + Cv + (S'z)) 

(2) 

*637 

C(z)2 . 1 .33 R710 



The proofs of the next eight theorems are rendered in the same 
elliptical fashion; the reader can easily restore the full details on 
comparing the above two versions of the proof of t710. 


t711. (x) X e Nn .D . 

Proof. teiS, *227 
t693 

t692, *227 
t690 


xxl = X 

X X 1 = AT X (S'O) 

= X + (x X 0) 

= X + 0 
= X 


1712. ix)(y) x, y « Nn .D. (S‘x) + y = S'Cat + y) 


Proof. t690 

t690, *227 
*226 

t691, *224 
*637 


(S‘x) + 0 = S'x 

= S‘{x + 0) 

R712 3. S'((S'Ar) + v) = S‘(S‘(a: + y)) 
3.(S'x) + (S'y) =S‘(x+(S'y)) 
[(y)2 . 1 .3] R712 


( 1 ) 

( 2 ) 


The next is the commutative law of addition. 


t713. (*)(y) x, y cNn .3. AT + y = y + a; 

Proof. *223 R7 13 3 : CR7 1 2 s .3 (Sx) + y = + x) 

1691, *224 3. (S'x) + y = y + (S'x) (1) 

*231 [(y)l3:3A: + 0 = 0+Ar.3. (S‘a:)+0 = 0+(S‘a;) (2) 

tl82 0 + 0 = 0 + 0 (3) 

*637 CW2 . 3 . 3.3 y + 0 = 0 + y 

tl83 C4s.30 + y=y+0 (5) 

*637 . [(a:)1.S.33R713 


The next Is the law of distributivity of multiplication into 
addition. 

3714. (A;)(y)(2) x, y, z e Nn .3. a: x (y + z) = (a? x y) + (* X s) 

Proof. 3690, *227 A:X(y + 0)=A:Xy 
3690 = (* X y) + 0 
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t692, *227 = (a: X y) + (a: X 0) (1) 

t710 * + ((* X y) + (Af X z)) = (* + (at X y)) + (a; x z) 

t7l3, *227 = {(x X y) + Af) 4- (a: X z) 

t710 = (* X y) + (a: + (ac X z)) (2) 

*223 R714 3 : ;c + (a: X (y + z)) = R2 [.s 2] 

t693, *224 3. Af X (S'(y + z)) = (a; X y) + (a: X (S‘z)) 

t691, *224 3. a: X (y + (S'z)) = (a: X y) + (a: X (S'z)) (3) 

*637 C(z)3 . 1 .3] R714 

Next come the associative and commutative laws of multiplica- 
tion. 


t716. (Af)(y)(z) a;, y, z « Nn .3. (a: X y) X z = a: X (y X z) 

Proof. t692 (a; X y) X 0 = 0 

t692 = a: X 0 

t692, *227 = a; X (y X 0) (1) 

t714 (ac X y) + (ac X (y X z)) = AC X (y + (y x z)) (2) 

*223 R715 3 : (ac X y) -t- ((ac X y) X z) = R2 [.= 2] 

t693, *224 3. (ac X y) X (S'z) = ac x (y X (S'z)) (3) 

*637 C(z)3.1.3]R715 

t716. {x){y) AC, y « Nn .3. a: X y = y X AC 

Proof. t692 (S'ac) X 0= 0 

t692, t690 = (a: X 0) + 0 (1) 

t712 (S'ac) + ((x X y) -1- y) = S‘(x + ((x X y) -1- y)) 
t710, *227 = S'((x +{x X y)) + y) 

t691 = (x + (ac X y)) + (S'y). (2) 

*223 

(S'x) X y = (x X y) + y .3 : (S'x) + ((S'x) x y) = R2 [.^ 2] 
t693, *224 3. (S'x) X (S'y) = (x x(S'y)) -H (S'y) (3) 

*637 [(y)3 . 1 .3.] (S'x) X y = (x X y) -1- y (4) 

*223 R716 3 : [4 s.] (S'x) Xy = (yXx)-|-y 

t713, *224 3. (S'x) Xy=y-t-(yxx) 

1693, *224 3. (S'x) X y = y X ( S'.v) 

, Rest of proof like last five lines of proof of t713. 

The next two are the familiar laws for breaking up exponents. 

t717. (x)(y)(z) X, y, z e Nn .3. X A (y + z) = (* A y) X (x A 2 ) 



FAMILIAR IDENTITIES 


265 


§49 

Proof t690, *227 A (y + 0) - * A >’ 
t7ll = (* A y) X 1 

t694, *227 = (;c A >’) X A 0) (1) 

*226 R717 D. (* A(y + 2 )) y. x = ((« A y) ^ (■* A *)) x x 

t7l5, *224 D. (jc A(y + s)) X * = (* A y) X ((jc z)y. x) 

t716, *224 D. a: X (« AG’ + 2 )) = G A y) X (jc X G A 2 )) 

t695, *224 D . A (S'(y + 2 )) = (* A y) X G A (S's)) 

t69i, *224 D . A A G + (S' 2 )) = G A y) X G A (S'a)) (2) 

*637 [( 2)2 . 1 .D] R717 

1718. G)G)( 2 ) a;, y, 2 «Nn .3. jc a G X 2 ) = G a y) a 2 

Proof. t692, *227 a A G X 0) = a A 0 
t694 = 1 

t694 =GAy)A0 (1) 

t693, *227 -a: AG X (S‘ 2 )) = a: AG + G X 2 )) 

t7l7 =GAy)xGAGx 2 )) ( 2 ) 

*223 R718 3 : [2 =.] L2 = G A y) X (G A y) A 2 ) 

t69S, *224 3 . L2 - G A y) A (S‘ 2 ) (3) 

*637 [( 2 ) 3 . 1 .3] R718 

Note that laws analogous to the above hold also for relative 
powers. 

t719. (;e)G)(2) y, 2 « Nn .3. a^+* = (A^)i(A*) 

t720. (a:)G)( 2) y, 2 6 Nn .3. 

Proofs similar, using t560, t682, t491, 1^84, t685, and t719 
instead respectively of t711, t694, t715, t716, t695, and t717. 

Further arithmetical notions which are readily defined are the 
notions of greater and less. 

for '■(„€Nn.*S(f,r,))\ 

for 

for 

‘■(r<^)'' for 

If we want to set up the general notation of Arabic numerals in 
systematic fashion, we first introduce the digits ‘O’, . . . , ‘9’ in 
the manner begun in D36-38; then we define jcy or a 'y (not to be 
confused with a X y) in such a way that, where a and y are any 
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natural numbers, x'^y proves to be the number whose designating 
numeral under the usual Arabic notation consists of that of x 
followed by that of y. A definition to this purpose is as follows: 

or for 

"(77 + (f X ((S'9) A 0a)(ft((S'9) a))))\ 

The operation so defined is associative except where ‘O' appears in 
middle position; e.g. (58)3 and 5(83) are both 583, and (50)3 is 
503, but 5(03) is rather 53 (03 being 3). But we may dispense with 
further derivation of theorems; the preceding developments 
illustrate the foundations of the arithmetic of natural numbers 
sufficiently for present purposes. 

Proofs of t710-t718 which proceed by mathematical induction and strongly 
resemble the above elliptical proofs in outward appearance have been usual since 
Grassmann (1861). 


§ 50 . Ratios 

IN THIS section and the next two the derivation of further notions 
of quantitative mathematics will be outlined. The presentation 
will be sketchy, and progressively sketchier as it proceeds. No 
more theorems will be proved. 

Let us first take up the notion of ratio. One natural number is 
said to stand in the ratio xfy to another natural number when the 
one number multiplied by y equals the other multiplied by x. The 
number 8, e.g., stands in the ratio % to 12; and 12 stands in the 
ratio % to 8. In general, x/y is the relation of any natural number 
% to any natural number w such that y X z - x x 

for jScNn.iyXoj^fX iS)^ 

Like the natural numbers which they relate, ratios themselves 
admit of an obvious ranking in point of greater and less. One 
ratio is greater than another if the number which bears the one 
ratio to a given number is greater than the number which bears the 
other ratio to the given number. To determine the relative rank 

1 This version of ratios is essentially Peano^s (1901, pp. 54f). 
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of two ratios x;y and x* ;V we first find a natural number w be- 
longing to the converse domain of both ratios; i.e., a natural 
number w such that some natural number z bears x y to zc and 
some natural number z' bears to zv. Then we rank x y as 
greater or less than x\'y^ according as z is greater or less than s'. 

A number w of the required kind is readily found; namely, 
y X There are natural numbers s and s' which bear the re- 
spective ratios x/y and x'iy^ to y X y\ namely the numbers 
X Xy' and x' X y. For, by definition, to say that x X y' bears a: y 
to y X y' is to say merely that 

y X (a: X y') = ^ X (>’ X y'); 

and to say that x' x y bears at'/v' to y x y' is to say merely that 
y' X {x' X y) = a:' X (y x y'). 

To judge whether y is greater or less than x' y' we have therefore 
only to compare these particular numbers z and s', namely x X y' 
and x' X y. The ratio x 'y is greater than x' y' if and only if 
xxy' > X* X y. 

The analogue of for ratios will be rendered ‘s>’; ^ thus 

W(y)(^')(y') y «> x'/y .^.x xy' > x' x y. 

The following is the formal definition. 

^(f s> yiV for 

‘"(3 a) (3^) (By) (35) (f = a'^.7? = 7 5.aX5>7X 
The ratios 0/1, 1/1, 2/'l, 3/1, etc. will be referred to briefly as 
sO, si, s2, 83, etc.; thus we define: 

for ^(f/'l)^. 

All ratios of this sort are functions with the range of functionality 
Nn. s2 is the function '‘double of’^ s3 is “triple of”, and so on. 
si is simply 

xy{x 6 Nn . X - y), 

i.e., identity confined to natural numbers. *,0 is 

^ The choice of the letter ‘s’ is arbitrary; ‘r’ would have been preferable, but it 
is reserved for use in the arithmetic of real numbers (§ 51). Whitehead and Russell 
afford a precedent for the use of ‘s’, in connection with ‘ + ’ and ‘x’ (vol. 3, *305). 
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xy{x — 0 . y € Nn), 

i.e., the relation which 0 bears to every natural number; in other 
words, the ‘"constant function’’ whose value is 0 for all natural 
numbers as arguments. All this is readily seen by checking back 
over the definitions and making a few obvious transformations. 

The ratios sO, aU a2, etc. fall into the same order as do the 
natural numbers 0, 1, 2, etc.; i.e., 


{x){y) aX 8> sy - = > 3'- 


But between each of these ratios aX and the next, viz. a(S*x), in- 
finitely many further ratios are packed which have no analogues 
among the natural numbers; between ^2 and s3, e.g., we have 
5/2, 7/3, 8/3, 9/4, 11/4, etc. without end. 

It is apparent from the definition of that 1/0, or indeed 
z/0 for any natural number z except 0, is simply the relation 
xy(x € Nn . y == 0) which every natural number bears to 0; and that 
0/0 is the relation xy(x, y e Nn) which holds between all natural 
numbers. If we coiint these as ratios, then 1/0 will be the greatest 
of all ratios, whereas 0/0 will fall nowhere in the less-to-greater 
series; for 


i.e. 

and 

i.e. 


(x)(y) ' y € Nn . y 5*^ 0 .3. 1 x y > a: x 0, 
(x)(y) x,y€ Nn . y 0 .3. 1/0 s> x/y^ 

W(y) X y > a: X 0) - ^ (x X 0 > 0 X y), 

W(y) ^(0/0 B> x/y) - ^ {x/y a> 0/0). 


It is more usual, however, not to count 1/0 and 0/0 as ratios. The 
class Ra of ratios is therefore defined thus: 


‘Ra’ for ":v(3y)(32i)(y eNn . z > 0 . ;>c - y/z)’. 

Pressing the analogy which began with the introduction of 
‘8>%'‘80’, "si’s etc., it is easy to define an analogue "s+’ of 
and an analogue ‘sX’ of "x’- If z and z' are natural numbers 
bearing the respective ratios x/y and x'/y' to a natural number 
then the rational sum (x/y) s+ (x'/y') is explained as the ratio 
which the natural sum z -h z' bears to w. Suitable choices of z, z' 
and w have already been remarked; we have seen that x X y' and 
jf' X y bear the respective ratios x/y and x'/y' to y x y'. Hence 
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{x/y) 8 + {x'/y') is describable simply as the ratio of {x X yO + 
(x' X y) to y X y'; in short, as 

{{x X y') + {x' X y)) / (y X y'). 

The rational product {x/y) ^x {x'/y') is constr^ied yet more 
simply, viz. as the ratio borne to y x y' by the product x X x' 
itself; in short, as 

{x X x') j (y X y')- 

The formal definitions are as follows. 

'"(r -tiY jot ''( 77 )( 3 a)( 3 i 3 )( 3 a')( 3 ) 3 ')(f = ct/^ . = ct/^' - 

7 = ((aX^O + (a'Xi3))/03Xi3')r. 
‘‘(f aX for ‘"(i7)(3Q:)(3/3)(3a')(3i3')(r = cl/^ . 17 = a'/jS' . 

{ax a') / {& X &))\ 

It turns out that rational addition and multiplication as defined 
reproduce the familiar formal laws of natural addition and multi- 
plication, and it turns out further that they yield parallel results 
numerically when applied to the analogues * 0 , etc. of the 
natural numbers. gS 8 + $7 = sl 2 , e.g., and sX J ^ a^S. In 
general, 

{x){y) bX B+ sy ^ B{x + y), 

W(y) 8^ sX sy = b{x X y). 

If we disregard the subscripts, we have in rational arithmetic 
simply a broader arithmetic of addition and multiplication in which 
the arithmetic of natural addition and multiplication is embedded 
as an integral part. 

One feature which puts rational arithmetic in marked contrast 
to natural arithmetic is the efficacy of division. The quotient 
X y could indeed have been defined in natural arithmetic, viz. 
as {‘iz){x,- y X z); but it would have been of little use, for there is 
no number whose product by y is Af except in those relatively rare 
cases where is a multiple of y. Where x and y are ratios, on the 
other hand, there is almost always one and only one ratio z such 
that - y sX z; always, in fact, except where y == gO, Thus it is 
that the definition; 

''(r r/y for ‘"(ia)(f = 17 sX a)"* . 
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of rational division is useful indeed. We find, in fact, that x 
{w/w') is sitrply x jX {w' /w). 

Along with this gain in the matter of division, however, we en- 
counter a loss in connection with the notion of power. Let us 
consider how a rational analogue ‘b/^’ of the ‘A’ of natural 
arithmetic might appropriately be construed. The suitable version 
of {x/y) bA a2, in particular, is obvious; just as ry A 2 is a; x «o, 
so we may appropriately take {x/y) sA 82 as {x/y) sX {x/y). 
Thus 


{x/y) sA 82 = {x/y) .X {x/y) = (a: X x) / (y X y) = (jc A 2)/ (y A 2). 
Similarly 

(x/y).A.l “ (xA 1 ')/( 3 'A 1 ) =x/y. 

More generally, we may always explain {x/y) sA sx' as 
(x A *0 / (y A x')- This accounts for all rational powers of the 
fomi (x/y) »A (x'/l)> l>ut it remains to consider (x/y) sA 
(x'/yO where y' 1. Let us then examine the case w bA(V 2), 
where w is any ratio. We shall want to preserve the familiar laws 
of exponents which hold in natural arithmetic; thus 

(a; ,A(1/2)) 8X {w bA( 1/2)) =■ sA ((1/2) »+ (1/2)) = w bA sL 

But, as jiist previously decided, a» bA si = w. Hence w bA (1/2) 
must be explained as the ratio z such that z sX z = w. The diffi- 
culty is, however, that there will very commonly be no such ratio 
z. E.g., there is no ratio z such that z sX z = s3; thus s3 »A (1/2) 
is missing. 

Whereas the notion of power in natural arithmetic works for 
any two natural numbers, the analogue for rational arithmetic 
fails in the observed fashion for many ratios. When the second 
ratio happens to be integral^ i.e. of the form sX, the power is indeed 
forthcoming; but if the second ratio is not integral, the power is 
missing more often than not. Rational arithmetic is fully as de- 
fective with respect to the notion of power as was natural arith- 
nretic with respect to division. 
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THE MISSING powers in rational arithmetic can nevertheless be 
approximated by ratios, to within any preassigned interval of 
accuracy. Whereas e.g. there is no ratio a3 sA(l in other 
words no ratio z such that z aX z = sd, there are nevertheless ratios 
z such that z sX z falls within any preassigned neighborhood of a3. 
Thus, consider the class of all those ratios z which are small enough 
so that s3 s> z gX z. All these ratios are smaller e.g. than 7 4; 
but within the class there is no largest. By choosing larger and 
larger ratios z from this class we can bring z sX z closer and closer to 
g3, without end. 

The class just now referred to has these four features. (1) Its 
members are ratios. (2) It does not exhaust the ratios. (3) It 
has no greatest member. (4) It contains all ratios except those 
which are too large; i.e., a ratio falls outside the class only if it 
exceeds all members of the class. These four features can be 
formulated together in the following compact fashion: the class is 
not the class of all ratios, and anything z belongs to the class if and 
only if y s> z for some y belonging to the class. A class of this 
kind is called — by caprice, we may for the moment suppose — a 
real number,^ Thus the class Nr of real numbers is definable as 
follows: 

‘Nr’ for ^x{x 5 *^ Ra . AT = z(3y)(y €x ,y z))\ 

The class of all ratios less than a given ratio is a real number; 
for it obviously has the four features noted above. Corresponding 
to each ratio x\ thus, we have a real number y(x b> y)- The latter 
will be referred to briefly as ^x. 

for a> ar 

1 The fact that such classes constitute a model of the traditional real number 
system was pointed out by I>edekipd (SUiigknt). The outright identification of 
the real numbers with those classes was first explicitly propounded by Russell 
(PrincipUsy Ch. XXXIII), though rather hinted previously by Peano (“Sui nu- 
meri”). 
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But we also have real numbers which do not thus correspond to 
ratios; one such is the real number originally considered above, 
viz. £(s 3 s> ZsX z)- There is no ratio x such that this real number 
is rx; in other words, no ratio x which is just next greater than all 
ratios belonging this real number. If there were such a ratio, in- 
deed, it would be our missing power s 3 sA ( 1 / 2 ). Real numbers 
which correspond thus to no ratios are called irrationals, 

' Irrat’ for ' x{x c Nr . (y)(jv 9 ^ rV))'- 
The others may be called rational real numbers. 

An irrational is a real number which, so to speak, corresponds 
to a missing ratio. The real number £(84 8> z aX 2) is a rational 
one, for it is where x = a2; it corresponds to the ratio s2. On the 
other hand the irrational £(,3 a> 2 aX 2) fills in where the series of 
ratios exhibited only a lack: the lack of a rational power s 3 8A(l/2). 

A general ranking in point of greater and less is readily imposed 
on real numbers, in such a way that any rational reals ^x and 
will follow the same order as the corresponding ratios x and y. We 
have merely to reflect that tX will include ^y if and only if x is 
greater than or equal to y. Thus and \>\ the analogues of 
* ^ ’ and * > ’ for real numbers, are defined as follows: 

for ’■(f, TjeNr .17 C 
^(fr>^)'' for rj 9^ rjy. 

The series of real numbers, arranged in point of greater and less 
in this sense, images the series of ratios except that new numbers, 
the irrationals, are squeezed in everywhere. Between the series of 
ratios z such that s 3 a> 2 aX 2 and the series of ratios 2 such that 
2 sX 2 8> 83 , for example, there is no further ratio; but between the 
real numbers corresponding to the former ratios and the real 
numbers corresponding to the latter ratios there is an intermediate 
real number, viz. the irrational £(33 s> 2 aX z). 

A ratio is called an upper bound of a given class of ratios if no 
member of the class exceeds it. A real number is called an upper 
bound of a class of real numbers under similar circumstances. Now 
a class of ratios may have an upper bound without having a least 
upper bound. This is true e.g. of the class £(33 8> 2 «X 2) hitherto 
discussed; 9/5 is one ratio which no member of the class exceeds, 
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but 7/4 is a smaller ratio having the same property, and there are 
smaller and smaller ones without end. On the other hand every 
class of real numbers which has an upper bound has a least one. 
Consider e.g. the class analogous to the above class of ratios, 
viz. the class of all real numbers % such that ,3 r> z rX z; this 
class has the irrational number £(*3 «> z sX s) itself as least upper 
bound. In general, indeed, it is readily verified that if is a class 
of real numbers which has any upper bound at all then its least 
upper bound is simply the class of all members of members 
of X. 

The fact that every bounded class of reals has a least bound is 
the basic formal difference between the reals and the ratios. It is 
in this sense that the series of real numbers is said to be continuous 
while the series of ratios is not. On the other hand both series are 
densey in the sense that there is a third number between any two. 

If a bounded class x of ratios lacks a least bound, then the class 
x' of those real numbers which correspond to the ratios z in x has 
an irrational least bound. Conversely, also, every irrational is the 
least bound of a class x' of the above kind. This is the strict mean- 
ing of the earlier loose remark to the effect that an irrational is a 
real number which corresponds to a missing ratio. 

The irrationals do far more than supply missing powers. One 
familiar irrational of another sort is tt. The irrationals exist in 
such variety, indeed, that no notation whatever is capable of 
providing a separate name for each of them.^ Note in contrast that 


1 The individual signs available in any given notation are finite in number — 
say } Mi- (In the present notation we have indeed an infinity of vari- 

ables, but they are made up of the five signs *x\ ‘y’, ‘s*, *'*.) The infinite 
totality of expressions which can be constructed from Hu . ^fik can be ordered 
thus: fMu • • • » • ■ • » • • • » — » 

Now for each positive integer n let be 0 or 1 according 

as the nth expression of the above series is or is not a name of a real number x such 
that the whole number next larger than 2*^ is even. The real number 
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has no name anywhere in the given totality of expressions. For, suppose a name of 
it occurs in wth place in our series of expressions. By the definition of the c's, 
then, is 0 or 1 according as the whole number next larger than 
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exhaustive names are provided for ratios simply by putting ‘ ’ 
between Arabic numerals. 

Notions of sum, product, and power appropriate to the arith- 
metic of real numbers have still to be defined. In seeking a suitable 
definition of %>’, our guiding canon was maintenance of the 
principle : 

y 

for all ratios x and y; similarly in defining addition for real num- 
bers our guiding canon is maintenance of the principle: 

r+ ry = r(^ y) 

for all ratios x and y. Thus r4- ry is to be the class of all ratios 
which are less than the rational sum of x and y. But since x is 
merely the least ratio which exceeds all ratios belonging to 
and y is similarly related to ^y, we can characterize ^ r-f ^y equiv- 
alently as the class of those ratios which are less than all rational 
sums x' 8+ y' of non-members x' and y' of and ry. Now this 
latter version is adaptable to the general case; it will serve for 
Zt+w where % and zu are any real numbers whatever, whether of 
the forms r^ and ry or irrational. We thus arrive at the following 
definition. 

r+ for € Ra ^ f . 7 e Ra -O .D, jS 7 a)"*. 

Multiplication proceeds analogously. 

’’(f rX vV for € Ra ^ f . 7 e Ra ^ ij ,3. jS 7 8> 

The same approach serves for the notion of power, but it is com- 
plicated by two circumstances: (1) the circumstance that x y 
reduces to A (by *197) for many ratios x and y, and (2) the circum- 
stance that increase of y engenders decrease rather than increase 
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is even or odd. But simple arithmetical reasoning shows on the contrary that 
that whole number will be even or odd according rather as is 1 or 0. It is thus 
established that no notation, is adequate to expressing every real number. Since 
each rational number is readily expressed with help of the fractional notation, it 
follows that no notation is adequate to expressing every irrational, (This argument 
is due in essential respects to Cantor.) 
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of a; sA >’ when ;; is less than si. The definition turns out as 
follows : 

for ''a(0)(7)(i3€Ra ^ ?.7 6 Ra./ 3 aA 7 5 *^ A 

: 7 €7? .=, 3 I s> ^ O. ^ sA 7 s> a)\ 
It was observed that natural arithmetic is virtually, but not 
actually, embedded in rational arithmetic. The whole numbers in 
rational arithmetic are not 0 , 1 , 2 , etc., but rather the rational 
analogues sO, si, s 2 , etc. Clearly the relation of rational to real 
arithmetic is similar; the rational reals are not ratios, but analogues 
of ratios x. The whole real numbers, likewise, are not the 
natural numbers 0 , 1 , 2 , etc.; they are rather real-number ana- 
logues r*.0, rsl, rs2, ctc. of the rational analogues sO, si, s2, etc, of 
0 , 1 , 2 , etc. (Note incidentally that rsO = A.) But when we are 
concerned with using arithmetic or investigating its higher reaches 
rather than examining its logical foundations, we of course find it 
convenient to leave these distinctions tacit and omit the subscripts. 


§ 52 , Further Extensions 

FOR ALL REAL numbers x and y, there are real numbers x r-j- y, 
;t* rX y, and X rA .v; in this respect the arithmetic of real numbers 
is like that of natural numbers. For all real numbers x and y such 
that y 7 *^ rsO, moreover, there is a real number Xr-s-y whose 
product by y is a:. 

■"f for ‘"(ia)(f = ^ rX a)A 

In this respect the arithmetic of real numbers is like that of ratios. 
And the arithmetic of real numbers outdoes both that of natural 
numbers and that of ratios in the following respect: for all real 
numbers x and y such that y 9 ^ rsO there is a yth root of x, symboli- 
cally y i.e., a number w^hose yth power is x. 

'’(f rV -nV for = a rA f)"'- 

This notion of root, which is inverse to power just as quotient is in- 
verse to product, admits equivalently of definition in terms of quo- 
tient and power: 
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^(irVvr for ^(l?rAUr^f)r. 

Since in the arithmetic of real numbers the notions of product 
and power thus have inverses which are almost always applicable 
(always save in the zero case), we are led to look also for a generally 
applicable notion of subtraction inverse to addition; but here the 
arithmetic of real numbers, like that of natural numbers and that of 
ratios, is found wanting. It is not true in general, given any real 
numbers x and y, that there is a real number x r- y whose addition 
to y yields x; there is such a number only if x y. 

Just as the power defect in rational arithmetic was overcome by 
passing to real arithmetic, so the subtraction defect in real arith- 
metic is overcome by a further extension: introduction of negative 
numbers. Under this extension every real number at except ^^0 
gives way to two numbers: a positive one ^x and a negative one 
-a;. Only raO is left unsplit; -j-raO and are identified. The 
branches j^x and ^x of a real number x are construed, further, as 
distinct from the branches +y and _y of any other real number y. 

Entities ^ and ^x fulfilling the above requirements come readily 
to hand; we qan take ^x as Xy(Arr+ }’)> i-o. as the function of ad- 
dition of X in the sense of the foregoing arithmetic of real numbers, 
and we can take ^x as the converse of that function. 

for rH- a)\ 

for 

These new numbers, real numbers in a broader sense, may be called 
signed real numbers; real numbers in the previous narrower sense 
may then be distinguished from these as unsigned real numbers. 
The class NR of signed real numbers is definable in obvious 
fashion: 

‘NR’ for ‘x(3y)(y € Nr : « +y -v. = _y) 

The integers form a subclass of NR, defined thus: 

‘Int’ for ‘^((3y)(ycNn :x ^ +r^y .w. x -rsy)'. 

1 This construction of the signed reals from the reals is modelled on Peano’s 
construction (1901, pp. 48*49) of the signed integers from the natural numbers. 
Peano urges that the essential idea was entertained more or less clearly by Mac- 
Laurin and Cauchy, 
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Signed real numbers are ranked in point of greater and less in 
such a way that those of the form ^ follow the same order as the 
corresponding unsigned reals, while the others follow the reverse 
order and are reckoned as smaller. Thus the series of signed real 
numbers constitutes an image of the unsigned series and a reverse 
image of the same laid end to end, with the zero as their point of 
contact. A definition which orders the signed real numbers in the 
described fashion is this: 

*'(f R> for ^(f, 71 € NR . ( 3 a)(f^a r> 7i‘a))\ 

A signed real number is called positive if A:it> negative 

if -j-rsO ii> X, So far as _|.rsO and the positive signed reals are con- 
cerned, this new arithmetic is to constitute an exact reproduction of 
the previous arithmetic of unsigned reals. Even throughout the 
negative signed reals, moreover, the notions of sum, product, and 
power are to conform to the same basic arithmetical laws. Defi- 
nitions of sum and product which prove to meet these requirements 
are as follows: 

for "((f h) w (ii 1 r))\ 

'“(fRXi?)'^ for 

. 7/ = +7 -v. f = _i 3 '. 77 = ..7: a = +(i 3 7) * 

v: f = +i 3 . 77 = _7 .V. f = _i 8 - 77 = +7 : a =* _03 rX 7))^ 

The general applicability of subtraction is achieved. For all 
signed real numbers x and y there proves to be a signed real number 
X R— y, in the sense: 

■"(r R~ riy for '"(70!)(f = 77 R+ a)\ 

It turns out, indeed, that r- y is simply x r+ _s or ^ r 4 - ac- 
cording as y is +z or _z. Division survives as in rational and un- 
signed real arithmetic; for all signed reals x and y such that y 7^ 
+ rsO there is a signed real y in the sense: 

'“(r R-^ ‘nV for == 17 rX a)\ 

But the notion of power presents a difficulty. When we passed 
from natural numbers to ratios, we founa that the gain with regard 
to division was offset by a loss with regard to the notion of power; 
and in signed real arithmetic the gain with regard to subtraction 
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proves to be similarly olFset. It turns out that if we define ‘^/V’ 
in the way in which we would have to define it in order to meet the 
requirements mentioned above, there will frequently be no such 
signed real number as x rA y when x is negative and y is not an 
integer. 

This shortcoming proves to be attributable ultimately to the 
fact that there is no signed real number z such that z rX z = ^ rsl. 
A still further arithmetic is thus prompted, the arithmetic of com- 
plex numbers, which does contain the analogue of such a number z. 
Complex numbers are construed simply as pairs x;y of signed real 
numbers; and the notions of sum, product, and power are defined 
in such a way that the arithmetic of signed real numbers is imaged 
within a part of the hew arithmetic. In this arithmetic of complex 
numbers, as in that of unsigned reals, the notions of sum, product, 
and power all prove applicable without restriction; also, as in the 
arithmetic of unsigned reals, the inverse operations of division and 
extraction of root prove applicable save in the zero case; and also, 
as in the arithmetic of signed reals, subtraction applies without 
restriction. 

Analysis^ which includes the dijfFerential and integral calculus, 
depends in its basic developments not upon the arithmetic of com- 
plex numbers but upon that of signed reals. The fundamental 
notion of analysis is that of the limit of a function. A (signed real) 
number z is said to be the limit of a function x for arguments approach- 
ing y from helow^ symbolically lim x, if for every positive number z' 

there is a number y' which is less than y and such that the value of 
X differs from z by less than %' for any argument between y' and y. 
Rendered symbolically, this characterization of z assumes the form: 

(zO(z'>O.D(3y')(y >/. 

{w){y > w .w > y\D. (x^w) + z' > z . z + z' > x^w))). 

Thus 

Him for ^(ia)(j8)(i3 > 0 .D > 7 - 

{8){r) > 5 . $ > 7 .D. (f'5) + /3>a:.a-f/3> f'5)))^ 
The signs ‘>^ and * + \ and 'O’ here are of course intended as 
*R>’j ‘r+S and ‘ + rsO’; but such subscripts are conveniently 
dropped in discourse which concerns only one kind of number. 
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The limit of a: for arguments approaching v from above, svm- 
y 

bolically lim and the so-called limit of x at infinity, sym- 
bolically lim X, admit of analogous definitions. For the one we 

change 'rj > y' in the above definition to 'y > t}' and ‘17 > 5 - 5 > 7 ' 
to ‘7 > 5 . 5 > 77’; for the other we simplv drop '77 > ■}’ and 
‘17 > 

By way of concluding this sketchy survey of the route from logic 
into quantitative mathematics, the definition of the derivative Dx of 
a function x of one argument is now set down without discussion. 

for ^X^lim - (f'a)) f/5 - a s T. 

The derivative of the function “square of”, e.g., proves to be the 
function “double of”. 

DK{x A 2) - XJ.2 X Jt). 

The derivative of any constant function” (cf. § *11) proves to be 
the constant function w^hose uniform value is 0. 

Cv) DX^y = XxO. 

Abstract algebra is one branch of mathematics which lies aside from the direction 
of derivation sketched in the latter sections; and geometry’ would appear to be 
another. Actually the place where abstract algebra fits into the general structure 
of logic is farther back, namely within the general theory of relations and functions 
whose groundwork was studied in Chapter V. As for geometry, a method of re- 
duction to logic is ready at hand in the simple e.xpedient of identifying geometrical 
entities with those arithmetical entities with which they are correlated through 
analytic geometry (cf. Study, pp. 86-92). The more abstract, so-called non- 
metrical phases of geometry’ go over into correspondingly general phases of arith- 
metical analysis — so general, in the extreme case of topology, as to transcend the 
specifically arithmetical domain and form part of the general theory of relations 
and functions. This view of geometry seems to be the most convenient one in an 
account of the application of geometry* to nature, A scale of measurement, whether 
of distance or of temperature, etc., may be viewed as a scheme for the systematic 
assignment of numbers directly to observ^ed objects or events (cf, Carnap, Physi- 
kalische Begrifshildung, and JeflFreys, Ch. VI); and then an empirico-geometrical 
statement, e.g. to the effect that Boston, Albany, and Buffalo are in line, may be 
analyzed as attributing a certain arithmetical relationship to the numbers which 
have been assigned to given objects under the scheme of distance measurement. 
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§ 5 . 3 . Formality^ 


VARIABLES were described earlier (§ 12) as comprising just the 
letters 'x\ \ and with or without accents. The atomic 

logical formula were described in turn (§ 23 ) as comprising just the 
results of putting such variables in the blanks of ‘( € )*. Then 
the logical formula were described as comprising, first, the atomic 
logical formulae; second, all results of putting such expressions in 
the blanks of ' ( j ) ’ or after a parenthesized variable; third, 
all results of putting expressions of the thus supplemented totality 
in the blanks of ‘ ( | ) * or after a parenthesized variable; and 

so on. Now all these characterizations are formal^ in that they 
speak only of the typographical constitution of the expressions in 
question and do not refer to the meanings of those expressions. 
But this explanation of TormaT is vague; we turn now to a more 
precise version. 

Let us use ^82’, . . . , ‘Sg’ as names of the respective signs or 
typographic shapes ‘(V)’, * I \and‘€’; thus 

51 = = double-yu, 

52 = = ex, 

53 ‘y’ == wye, 

54 = ‘2;’ = zee = zed = izzard, 

Ss = = accent, 

Se = *(’ = left parenthesis, 

87= ^)' = right parenthesis, 

Ss = 'i’ - down-arrow, 

Sg = ‘e' = epsilon. 

Further, let us use the arch to indicate concatenation of expres- 
sions. Thus SrSs is the expression which is formed by writing 

^ This concluding chapter will be unintelligible to those readers in whom there 
is a lingering tendency to confuse use and mention of expressions (§ 4). I have not 
seen how to make the chapter less liable to misunderstanding except at the expense 
of a disproportionate increase in length. Inasmuch as the foregoing six chapters 
constitute a self-contained unit, it has seemed best to limit this seventh oae to a 
modest appendage amputable at discretion. 
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Si and then S5; again SrS2 is ‘ex'; again (Si S 5 )^(SrS 2 ) is the 
result ‘zi;' ex' of writing Si^'Ss followed by S9 S2. But parentheses 
are not needed in connection with since concatenation is ob* 
viously associative; thus 

srs5^srs2 == 'uf' ex'. 

The arch ‘ ’ and the sign names ‘SiS 'S 2 *, . . . , ‘Sg* provide 
a notation fox spelling; 'Si S5 S9 S 2 ’ may be read 'the expression 
consisting of Si followed by S5 followed by S9 followed by S2', in 
other words 'the expression consisting of double-yu followed by 
accent followed by epsilon followed by ex\ 

Into this rudimentary notation, plus the notation of logic, it is 
possible to translate 'x Is a variable’ in the sense verbally defined 
above; also ‘x is an atomic logical formula’; also ‘x is a logical 
formula’. First it is convenient to introduce a string of preliminary 
notions. An expression x constitutes an initial segment of y, or be- 
gins y, symbolically ^By, if y consists either of x alone or of x 
followed by something; thus 

(A:)(y) ;vBy .^ix - y .y (32;)(Ar z « y). 

Similarly ^ is a final segment of y, or ends y, symbolically ;cEy, if 
y consists either of x alone or of x preceded by something. 

(A;)(y) :vEy . = • x = y ,v {3x){z'x = y). 

Now X is 2 . string of accents, symbolically Ac x, if every initial seg- 
ment of X ends in an accent. 

(x) Ac X ^ (y)(yB;v ,3. SsEy) 

The result of writing a left parenthesis followed by x followed by 
epsilon followed by y followed by a right parenthesis will be called 
xoy, 

{x){y) xey = 

When ‘ j ’ is used instead of epsilon, the result is called x]y. The 
'j’ is intended to suggest joint denial. 

{x){y) x]y = 

The result of putting an expression x in parenthesis and prefixing it 
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to y is called x qu y. The letters ^qu* are intended to suggest uni- 
versal quantification. 

W(y) xquy ^ \\ 

Now is a variable, symbolically Vbl x, if x is any one of Si, 
S2, S3, or S4 with or without a string of accents attached. 

(x) Vbl X s ( 3 y)(y * Si -v. y = S2 -v. y = S3 .v. y - S4 : 

X y .y ( 3 z)(Ac z.x ^ yli)). 

Further, where ‘LFmlao x' is read is an atomic logical formula’, 

(a:) LFmlao x s (3y)(32i)(Vbl y . Vbl z . a? = yez). 

If X is formed by prefixing a parenthesized variable to y, x is 
said to be a quantification of y — symbolically xQy, 

(x)(y) xQy .s ( 3 z)(Vbl z,x ^ zqu y). 

Now the logical formulae are to comprise the atomic logical formulae 
together with all joint denials and quantifications thereof, and all 
joint denials and quantifications of the thus supplemented totality, 
and so on. By reasoning analogous to that which led to the 
definition of the ancestral (§ 39 ), then, we see that x is describable 
as a logical formula just in case it belongs to all classes y of the 
following kind: the atomic logical formulae belong to y, and the 
joint denials and quantifications of members of y belong to y. 
Thus 

(1) (a:) LFmla.Y= (y)((z)(a;)(LFmlao2i-3* Z€ ^ 

z, ct’ e y . 3 - z]za e y Iz € y . Q z D . za e y)D . x e y) 

where ‘LFmla x' is read 'x is a logical formula’. 

The so-called formal characterizations of ‘variable’, ‘atomic 
logical formula’, and ‘formula’ which appeared in words at the 
beginning of the section thus admit of translation into terms of 
‘Si’, ‘82’, . . . , ‘Sy’, and our logical notation. Whatever is 
“formal”, in the sense intended by the earlier loose phrase ‘speak- 
ing only of the typographical constitution of the expressions in 
question’, admits of similar translation; though of course the sign- 
names ‘Si’, ‘82’, , ‘Sg’ have to be reconstrued and perhaps al- 

tered in number to suit the particular notation under discussion. 
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We are thus led to the following more rigorous criterion of for- 
mality: translatability into a notation containing only names of 
signs, a connective indicating concatenation, and the notation of 
logic. 

Discourse which is '' formal'’ in this sense, and hence translat- 
able into the notation just now described, is called metamathematics ^ 
formal syjitax^ or briefly syntax. Since joint denial, quantifi- 
cation, and the membership notation suffice for logic, these same 
three devices plus names of signs plus a notation indicating con- 
catenation suffice for syntax. (A still more economical notation to 
the same purpose will appear in §54). The fact that ‘Vbl’, 
'LFmko', and XFmla' are definable in this syntactical notation 
is perhaps best expressed henceforward by speaking of them as 
syntactically definable; the word ‘formal’, having served the pur- 
pose of providing a first vague indication of our present concerns, 
can thus be left unencumbered with technical meaning. 

Any definition is stated with help of syntax, as a notational 
convention of abbreviation; but to say that an expression is 
syntactically definable is to say something more, namely that it is 
explicable as an abbreviation of an expression which is itself com- 
posed of just the notations of syntax. 

The general notion of formula was explained in § 13 in terms of 
an unspecified notion of atomic formula. Where ‘Fmla x’ means 

Is a formula’ and ‘Fmlan x^ means ‘x is an atomic formula’, 

{x) Fmla X s (y)((z>)(s:')(Fmlao z .D, zey : 

z,zv€ y .3 . z}zv e y Iz ey . w Q z zv e y)D, x ey) 

in exact analogy to (1). Thus ‘Fmla x’ is syntactically definable in 
terms of ‘Fmlao’; i.e., it is translatable into a notation comprising 
**Fmlao ot^ and nothing further except names of signs, the concatena- 
tion connective, and logic. As will become apparent in the sequel, 
moreover, the notions of matrix, tautology, and theorem intro- 
duced in foregoing chapters have the same status as the notion of 
formula; they are all syntactically definable in terms of ^Fmlao ci?. 
If we specify the atomic formulae, so that ‘"Fmlao is itself syn- 
tactically defined in one way or another, then all these notions be- 
come syntactically definable in the absolute sense. If e.g. the 
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atomic formulae are taken simply as the atomic logical formulae, 
then ^Fmla cP reduces to ^LFmla whose syntactical definability 
was observed in (1). 


§ 54 . The Syntactical Primitive 

MUCH OF the discussion in previous chapters, including indeed all 
metatheorems, belongs to syntax; to logic or mathematics in the 
narrower sense belong rather the theorems themselves, some of 
which were stated and some of which were syntactically described. 
Our medium of syntactical discussion hitherto has been ordinary 
language, supplemented with the practical device of Greek letters 
and corners. But now we have a syntactical notation which is just 
as strict and systematic as the logical notation whereof it treats. 
It consists of the logical notation (the very notation whereof it 
treats) plus *Si, 'Sg’, . . . , "Sg’, and 

Corners thus give way to a more analytic expedient, use of the 
concatenation sign; and Greek letters give way to the ordinary 
variables *y \ etc,, adjuncts of the quantifier (cf. § 12). It is to 
be noted that these variables do not need to be reconstrued, for 
present purposes, as having the sense which formerly attached to 
the Greek letters; rather they are general variables, as always, and 
may refer to any entities whatever — expressions included. The 
quantification ‘ (a;) {x = x) e.g., has always meant not only that 
V — V and 5 = 5 but also that Sg = Sg (i.e., epsilon = epsilon) and 
even that S 2 -= S 2 (i.e., 'a:’ = ‘x')\ and the quantifier does not need 
to depart now from its usual sense. It happens indeed that the 
only values of the variables which interest us in syntactical appli- 
cations are expressions, just as in §39 the only values of the 
variables which interested us were relations and in § 49 natural 
numbers. 

But our new syntactical scheme is capable of improvement. It 

^ This kind of approach, whereby the medium of discourse about a formalism 
receives strict formalization in turn, dates from Godel (1931) and Tarski (1933). 
The arch notation is Tarski's. 
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is possible so to reformulate it that its primitive notation will com- 
prise no terms beyond variables; and there is an advantage, as ob- 
served (§ 27 ), in so doing. The concatenation sign like ' + 
etc., combines terms to form terms; e.g. it -combines the 
terms ‘Sg* and ‘S2’ (which are names of and to form the 
term ‘SrS2’ (which is a name of 'ex'). But instead of this we may 
take as primitive a concatenation predicate ‘C’, or more accurately 
a primitive form of atomic matrix such that 'Cxyz* means 

'x is the expression formed by writing the expression y followed by 
the expression z*; theny"" s becomes definable as (ix) Cxyz. Again, 
the primitive names "Si* ‘S2’, . . . , ‘Sg’ are eliminable by adopting 
a primitive form of atomic matrix such that 'xAy' means 

‘x is the sign which alphabetically just succeeds the sign y'; for 
then 

51 « (i^)(( 3 y)(yAA:) . ^ ( 3 y)(xAy)), 

52 = (ix) X A Si, Ss - {ix) xASzi ...» 89 = (ix) X A Ss, 

where the alphabetic order of our signs is taken arbitrarily as 
Si, S2, . . . , Sg. 

But further economy is possible. We can get along with a single 
primitive form of atomic matrix if we endow 'VLxyz' with 

this elaborate meaning: if x is a single sign (Case 1), x alpha- 
betically just succeeds y (i.e., xAy)\ if x is a complex expression 
(Case 2), x is the result of writing y followed by z (i.e., Cxyz)\ and 
if X is not an expression at all (Case 3 , uninteresting for syntax), 
X = y. The word ‘sign’ in this explanation is of course understood 
as referring exclusively to our chosen signs Si, S2, etc.; and ‘ex- 
pression’ refers exclusively to such signs and finite rows of them. 

What z may be is indifferent to Cases 1 and 3 ; hence if x is not 
a complex expression, the above account of 'Mxyz* guarantees 
that Mxyz s M^^yx. Hence if on the contrary 

(1) M;cyz . Mxyx 

we may be sure that x is a complex expression. But then (1) must 
be interpreted according to Case 2; i.e., as meaning that x is the 
result of writing y followed by z, and not the result of writing y 
followed by x. But the latter clause imposes no restriction at 
all; since an expression is understood as a finite string of signs 
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(one or more), an expression x could not be the result of writing an 
expression y followed by x again in its entirety. Hence (1) amounts 
merely to saying that a: is the result of writing y followed by z; 
i,e., Cxyz, 

We have seen that, where at is a complex expression, (3?) ^ Mxyx. 
Where a: is not an expression at all, Matatat by Case 3. Hence if 

(2) Mxyx . ^ Mxxx 

we may be sure that a: is an expression but not a complex expression; 
therefore a sign. But then (2) must be interpreted according to 
Case 1; i.e., as meaning that x alphabetically succeeds y and does 
not succeed itself. Since the latter clause is clearly vacuous, 
(2) amounts merely to saying that xKy. 

We see therefore that both ^Cxy%* and can be paraphrased 
in terms of ‘M’, viz. as (1) and (2). Accordingly y'' s, which was 
Ox) Qxyz^ becomes describable in terms of as 

(ix) (Mxyz . Mxyx) ; 
and Si, S2, S3, etc. become 

(3) 0x)((3y)(Myxy . ^ Myyy) . (3y)(Mxyx . ^ Mxxx)), 

(4) Ox)(MxSix . ^ Mxxx), 

(5) (ixKMxS 2X Mxxx), 
etc. 

Actually the Mxxx’ in (4) is superfluous. The purpose of 
Mxxx’ in (2) was to rule out Case 3 and thus compel x to be an 
expression; but this is already accomplished in (4) by the clause 
'MxSix’, since under Case 3 ^MxSix’ would identify x with the sign 
Si and thus compel x to be an expression after all. Thus (4) reduces 
to ‘Ox) MxSix’; and the analogous is true of (5) and its suite. 

In place of (3), moreover, the simpler description: 

(6) O-^) (y ) W '^Mxyz 

will serve for Si. This is seen as follows. Where x is a complex 
expression, it has parts y and % such that x consists of y followed 
by z; therefore ‘(y)(z)'^Mxyz rules out Case 2. It also rules out 
Case 3, since ‘~Mxxx’ was seen to do so. Therefore x must be a 
sig ' if (y)(z)'^Mxyz. But then ‘(y)(z)~Mxyz’ says, according to 
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Case 1, that the sign x is not an alphabetic successor; in other 
words, that it is Si. 

Our primitive syntactical notation now consists merely of ‘M’ 
and the notation of logic — ultimately ‘M’ and the notations of 
joint denial, quantification, and membership, since these latter are 
adequate to the logical matters. Just as the logical formulae 
comprised atomic formulae of the form '"(o: € jS)"* and all the ex- 
pressions thence constructible by joint denial and quantification, so 
the syntactical formulae comprise atomic formulae jof the forms 
and and all the expressions thence construct- 

ible by joint denial and quantification. 

When this syntactical notation is used for the discussion of ex- 
pressions composed of signs other than the particular nine with 
which we have been identifying Si, S 2 , . . . , Sg, the meaning in- 
tended for will of course undergo a corresponding change 

in systematic fashion. The change takes place merely in the 
notion of alphabetic succession which is used under Case 1 in the 
above explanation; the relation of alphabetic succession varies with 
the alphabet. 

It should be remarked that 'M' and the abbreviations 
etc. which are defined in terms of ‘M* are not a practical substitute 
for the former devices of quotation marks, Greek letters, and 
comers. The old devices are both more graphic and more con- 
ducive to brevity. And the new syntactical notation is not conven- 
ient at all for stating definitions, where signs enter which were not 
initially taken into account. The new notation has its value 
rather as a subject matter, when we come to talk about syntax 
rather than merely using syntax to talk about logic. As a medium 
of talking about this refined syntactical notation, in turn, the old 
practical devices of quotes, Greek letters, and corners recur; they 
have appeared to- some extent in the present section and they will 
continue to appear in the sequel. 
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§ 55 . Protosynicux 

GIVEN ANY expression, we can decide once and for all by a syste- 
matic procedure of inspection whether or not it is a logical formula. 
Similarly, as soon as all the desired non-logical forms of atomic 
formulae have been listed, we can decide by a systematic procedure 
whether or not a given expression is a formula at all, logical or 
otherwise. The systematic recognizability which thus attaches to 
the notions of logical formula and formula attaches in similar 
fashion to the notions of matrix, tautolog}% axiom of quantification, 
and axiom of abstraction (cf. §§ 16, 28). The notion of theorem 
lacks this feature, though retaining a partial sort of recognizability; 
appropriate to each formula which is a theorem there is a device 
(a so-called proof), discoverable in general only by luck, which once 
discovered enables us to see by a finite amount of inspection that 
the formula is a theorem (cf. § 16). Now’ any syntactical property 
which enjoys even this modest sort of recognizability is called 
constructive'^ thus the property of being a theorem, as well as the 
more systematically recognizable properties of being a formula, 
matrix, tautology, or axiom, are constructive. 

This account of constructivity, like the notion itself, is vague. 
In a sharp formulation it would be necessary’ to avoid such vague 
phrases as ‘^a systematic procedure of inspection”, “a finite 
amount of inspection”, etc.; but then there would be an essential 
difficulty in establishing any correspondence between this precisely 
defined notion and the intuitively intended notion which those 
vague phrases help describe. There is a striking feature, however^ 
which the instances of constructivity cited above have in common ; 
they are not only syntactically definable, but they are definable 
even in that narrower syntax which borrows only joint denial and 
quantification from logic and eschews membership. The syn- 
tactical definition of ‘LFmla^f’ suggested in (1) of §53 depends 
indeed upon the whole of logic, membership included; but an 
equivalent definition is possible, as we shall see (§56), which 
involves only the of syntax plus the joint denial and quantifi- 
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cation of logic. The same is true of the other constructive notions 
mentioned above (cf. §§ 56-58), and presumably equally true of all 
syntactical notions which are constructive in the vague sense above 
suggested. 

The part of syntax which omits membership will be called pro- 
iosyntax. Just as the logical formulae comprise atomic formulae of 
the form and the expressions thence constructible by joint 

denial and quantification, so the protosyntactical formulae com- 
prise atomic formulae of the form and all the expressions 

thence constructible by joint denial and quantification. This 
meager protosyntactical notation proves to constitute a sufficient 
language for expressing all the metatheorems of foregoing chapters 
— provided of course that we do away with the unspecified extra- 
logical forms of atomic formulae or at least fix upon a definite list 
of forms desired. 

Protosyntactical definability is intended not as an approximation 
to constructivity, but as something more inclusive. The notion 
of non-theorem, e.g., is protosyntactically definable, yet pre- 
sumably not constructive; we know of nothing, discoverable even 
by luck, which would enable us to decide that a given logical state- 
ment is not a theorem. We may find that is a theorem; 
but this does not exclude the possibility that (l> is also a theorem, 
unless we assume the consistency for which we of course hope. 
Even this channel is closed if it happens, as it well may, that 
neither nor is a theorem. 


Three precise notions have been offered in recent years as corresponding sub- 
tantially to the vague notion of constructivity, and the three have been proved 
equivalent to one another. One is the notion of so-called recursiveness (not to be 
confused with the notion explained in the first footnote of § 16); this was first 
formulated in a relatively narrow sense by Godel (“Unentscheidbare Satze,” pp. 
179-180) and afterwards extended by Godel and Herbrand (cf, Gddel “Undecid- 
able Propositions”). The second is Church’s notion of X-definability (“ Unsolvable 
Problem,” pp. ■346ff, 356ff), and the third is Turing’s computability. The second 
was proved equivalent to the first by Klcene, and to the third by Turing. 

In defining the notations ‘Si,’ ‘Sa’, . . . , ‘Sg’, and in terms 
of ‘M’, in § 54, the notation of description was used. This 
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device was legitimate for purposes of syntactical definition, since it 
reduces through Dl-17 to the three logical primitives; but the 
device is not immediately available for protosyntactical definition, 
because its logical definition depends finally on *€’, which is lacking 
in protosyntax. Of the logical definitions presented in the fore- 
going chapters, only D1--8 can be carried over into protosyntax; 
for it is only these that do not presuppose membership. 

We find, however, that the logical notion of description, and like- 
wise that of identity, admit of other definitions within the frame- 
work of protosyntax. It will first be shown that the appropriate 
sense of identity is obtainable by explaining 'x ^ y’ as short for: 

(1) (z)(Ms^;c = Msyy). 

Suppose, to begin with, that x is not an expression. Then Mxatj:, 
by Case 3 of § 54; hence, if (1) is true, it follows that M.ryy; but, 
by Case 3 of § 54, this identifies x with y. We see therefore that 
^x = y’ in the intended sense follows from (1) when x is not an 
expression. Next suppose that x is an expression, and let zc be the 
repetitive complex expression formed by writing a: followed by x. 
Then, by Case 2 of § 54, M.zoxx\ hence, if (1) is true, Mzc^yy; but, 
by Case 2 of § 54, this makes y the first and last half of the repeti- 
tive expression w, thus identifying y with x. Regardless of whether 
X is an expression or not, therefore, ^x = y' in the intended sense 
follows from (1). Conversely, moreover, (1) obviously follows from. 
^x - y\ The following definition therefore serves our purpose: 

A9. ’’(a — jS)”* for ‘”('y)(MTCk;o; s 

The protosyntactical definitions will be distinguished thus from the 
logical ones by using ‘A' instead of ‘D’. Al-8 are understood as 
Dl~8. 

Definition of description in protosyntax must proceed con- 
textually, like that of abstraction in logic (§§ 24, 26). First let us 
deal with quasi-atomic contexts iia)<t> ^ having a description 
in the first place and variables in the other places. If si; is the one 
and only entity x such that ... at ... , i.e. if 

(x){x == tU - = . ... AT ... ) 

(cf. § 27), then we want the quasi-atomic formula: 
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(2) M (^Ar)(. . . X , . y z 

to be true for any objects y and % if and only if M.wyz\ if on the 
other hand there is no such unique entity then we lose interest 
and become content to have (2) turn out in any way that proves 
convenient — say as false. All this is obviously accomplished by 
explaining (2) as an abbreviation of; 

(3«^)(Ma'yz - {x){x ^ w . x . . .)). 

Thus 

AlO. Oo:)0 iS t"* for '“(35)(M5jS7 . (o:)(a - 5 .s 

Let us understand terms, for purposes of protosyntax, as com- 
prising variables together with descriptions (where 0 is a 

formula of protosyntax). Let us use ‘rj', and ‘0’ hereafter to 
refer to terms in this sense. Then, repeating precisely the method 
used in AlO, we can define the further quasi-atomic contexts as 
follows : 

All, ""M f (ia)<t> for '"(35)(Mf67 u (a)(a = d <j> 

Al2. ''M J* 7} (iq:)< 5£>'* for ^{3d){M^rjd . (a) (a « 5 (^>))’^. 

Now is explained for all terms f, tj, and 6, whether 

variables or descriptions. 

Let us next extend A9 to apply to terms in general, rather than 
simply to variables. 

Al3. « 7}^ for '’(7)(M7ff s M7r777)‘^. 

It is convenient also to import Dll. 

A14. 5^ Tjy for 

The definitions of 'Si’, 'S2 ^ . . . , ‘Sd’, and suggested in 
§ 54 can now be set down. 

Al6. 'Si’ for *(7x)(y)(z) ^ Mxyz\ 

Al6. '$2^ for ‘ (ix) Mx Si 'S3’ for ' (7^;) M;v S2 x\ etc, to 
Al7. '’(f 7))'^ for ^(ia)(NLa^7i . ^ Mafa)"*. 

A definition analogous to D6 and D7 is desirable in connection 
with the concatenation notation. 

A18. for 

for etc. 
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Finally we carry over nine of the ten definitions suggested in 
§ 53. In third place among these it is convenient to insert a further 
definition introducing the notation in the sense ‘x is part 

(or all) of y’. 


A19. 

A20. 

A21. 

A22. 

A23. 

A24. 

A26. 

A26. 


A27. 

A28. 


’’(rBij)"' for '■(f = 71. V (3a) (r a = ij))! 

’’(fEi/)"' for '■(f = 1 } .V (3aKal- = i}))\ 

for^OaXoBv.fEcty. 

^Ac f for '■(a)(aBf .D. S^Ea)"'. 

■■(ren)" for. '■(SsTSsVSy)-’. 

'■(rju)'' for "(SrrSsTST)^ 

'■(rqui,)-' /or '■(STf^rn)''. 

""Vb! f'' for '’(3a)(a = Si .V. a = Sj .V. a = S* .V. oc= S* I 

f = o .V (3^)(Ac j5 . f = a P))’’. 
’^(tOnP for '■(3a)(Vbl a . f = o qu ij)''. 

'XFmlao for '■(3a)(3iS)(Vbl a . Vbl /3 . f 


§56. Formula and Matrix Defined 

AS REMARKED (§ 55), the definition of rLFmla f"* suggested in 
(1) of § 53 is not available to protosyntax; but a protosyntactical 
definition is possible along other lines. The point of departure, in 
devising this definition, is the following reflection: a: is a lo^cal 
formula if and only if it belongs to a series of expressions xx, xt, 
xs, ... ,Xn such that *,■, for each i, is either an atomic logical form- 
ula or else a joint denial of earlier expressions of the series or else a 
quantification of an earlier expression of the series. 

Instead of speaking of a series of expressions xx, xt, . . ., x„ the 
device suggests itself of speaking rather of a single long expression 
composed of the successive expressions xx, xt, . . ., But we 
encounter a difficulty: analysis of the long expression does not 
reveal uniquely the, intended parts xi, Xt, . . ., x„. Given the long 
expression, we have no way of knowing how much of it was intended 
as Xx, nor how much of the remainder was intended as xt, and so on. 
This difficulty, however, is easily overcome. Instead of taking our 
long expression ss xxXt ... Xn, we can take it as 
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Se S 7 Xi Se S? X 2"^6 S 7 - . . Xn Se Stj 

thus framing each of xi, X 2 , ^ ^ • ^Xn with occurrences of the arbitrary 
expression Se^S?, i.e. *()*. Given this long expression, the parts 
A?i, X 2 ,^-.jXn are uniquely determined as the segments reaching 
from one occurrence of SfSj to the next; for we know that the 
ungrammatical combination of signs Se^S? will not have any addi- 
tional occurrences inside the formulae a: 2 > . . . , Xn- Thus, if the 
segments reaching from one occurrence of §6 S 7 to the next in an 
expression z be called the framed ingredients of z, we can explain a 
logical formula as any framed ingredient of an expression z each of 
whose framed ingredients is either an atomic logical formula or a 
joint denial of previous framed ingredients or a quantification of a 
previous framed ingredient. Such an expression z will be essen- 
tially like the long expression considered above; it may depart 
from that pattern only in a couple of inessential respects. Chang- 
ing Se'Sv to Se^Sy^Se^S?, e.g., would make no difference so far as 
framed ingredients are concerned; nor would annexation of further 
matter at either end, so long as the added matter contained no 
occurrences of Se^S?. 

Let us make the above definitions explicit. To say that ^ is a 
framed ingredient of z, symbolically x Ing z, is to say that 
"' 86^57 is part (or all) of z and S 6 "'S 7 is not part of x. 

A29. Ing riY for '"(Se S7 f So S7 P 77 - '^(So S7 P ?’))”'•• 

One framed ingredient a: of z is prior to another one y, symbolically 
^Pr,y, if is a framed ingredient of an initial segment of z where- 
of y is not a framed ingredient. 

A30. Pr,, Oy for ^{3a){aBri - f Ing a . d Ing rj - ^{0 Ing a))’’. 
The formal definition of logical formula, then, Is as follows. 

(1) TLFmla y for ^(3a)(f Ing a . 03)08 Ing a .3. LFmlao j3 v 
(37)(36)(7Pra /3 . 5 Pro, ^ : /3 * 7j5 -v. ^QtyW. 

Just as A28 provides, for atomic formulae of the form ^(aejS)"', 
other analogous protosyntactical definitions will provide for each 
further form of atomic formula once these further forms have been 
chosen. In preparation for such definitions we would presumably 
so reconstrue ‘'MajSy'’ as to allow a longer alphabet, running beyond 
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S 9 to include such supplementary signs as may be wanted in the 
non-logical atomic formulae (cf. § 54); but even this departure is 
not strictly necessary, for we could simply use the novel com- 
binations 'e'S ‘e"’, etc. in lieu of such supplementary signs and 
thus keep within our nine-sign alphabet. If we bring together the 
definitions appropriate to the several atomic forms, then, by al- 
ternation, we obtain a general definition of '"Fmlaof^. On this 
basis, in turn, we can define the general notion of formula in exact 
analogy to the definition ( 1 ) of logical formula, 

A31. ^Fmla f"* for ‘"(3a)(r Ing a . (0)(fi Ing a -3. Fmlao P V 

(3T)(35)(7Pr« /3 . 5 Pr« ^ : iS = 7j5 -V. ^)))\ 

Definitions will hereafter be set up in the manner of A31 rather 
than ( 1 ), under the fictive assumption that a general definition of 
‘Tmlao is at hand in place of A28. Just as A31 then defines the 
general notion of formula, logical and otherwise, so in subsequent 
definitions the notions of matrix, tautology, and theorem are 
defined in their full generality. If in particular the atomic formube 
are construed simply as the logical atomic formulae, so that 
^Fmlao comes to be defined by A28 itself, then A3t ceases to 
differ at all from ( 1 ); and correspondingly for the subsequent 
definitions. 

Definition of the notion of matrix presupposes the notions of 
bondage and freedom, basic to which is the notion of bound oc- 
currence. We have first of all to ask, what is an occurrence? what 
kind of thing e.g. is the third occurrence of an ex'pression x in an 
expression y\ as distinct from the mere expression or typographic 
shape X itself ? An answer, artificial but convenient and adequate, 
is this: an occurrence of in y is an initial segment of y ending in 
X, The third ^'occurrence” of x in y, e.g., is construed as that 
initial segment of y which remains when (as we should ordinarily 
say) everything after the third occurrence of x is lopped off. A 
"later occurrence” of x differs from an "earlier” one in being a 
longer initial segment of y. 

Thus z may be said to be an occurrence of x in y, symbolically 
z Oy X, if zBy and xEz. But it is be'tter to refine the definition in 
such a way as to except accented occurrence; in the context 
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‘z e w^'\ e.g., it is desirable to recognize an occurrence of but 
to deny any occurrence of the variables ‘w'’ and This refine- 
ment is accomplished by supplementing ‘zBy’ and with the 

further clause S 5 By)’. 

A32. for '’(fB^ . --(fSs B ^) . ijEf)"*. 

To say that x occurs in y, symbolically x In y, is to say that there 
is an occurrence of x in y, 

A33* In 7jy for ^(3 a) (a 0^ f)'‘. 

Obviously ':vlhy’ goes beyond ‘jcFy’^only to the extent of 
excepting accented occurrence. 

An occurrence of a variable is bound in a given formula when it 
falls within a formula which forms part (or all) of the given formula 
and begins with a quantifier containing the same variable. But 
now that an ' ‘occurrence” is construed as an initial segment, the 
formulation of bondage assumes this form: z is a bound occur- 
rence of X in y, symbolically z BOy x, if is a variable and z is an 
occurrence of in y and there is a formula x qa zo which begins 
somewhere in the segment z and ends at or after the end of z 
(but still in y). More rigorously, 

z BOy Vbl X .zOyX , (3zc;)(3z')(3x')(Fml2L w . 

z « z'lv • z'^lv' Oy xquzo • '^(p^quw E ;;'))• 

Thus 

A34- riy for ^(Vbliy^r 0^ . (3a)(30)(37)(Fmla a . 

' f = jSTiy . jS '^7 0^ T/quo: . ^(7?quQ! E 7 )))^- 

Afree occurrence is one which is not bound. 

A36. ^itFOerjy for ^(Vhlri , ^ Oerj » ^{^BO$rf))\ 

A variable x is free in y, symbolically ^rFy, if it has a free occur- 
rence in y. 

A36. for '“(3a)(aF0,f)\ 

Matrices, finally, are formulae with free variables, and statements 
are other formulae. 

A37. ^Matr for ‘'(Fmla f . (3a)(a Ff))^ 

A38. ^Stat y for '"(Fmla f ■ ^ Mat f)“*. 
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§ 57 . Axioms of Quantification Defined 


WE TURN next to the problem of defining tautology protosyn- 
tactically. As an auxiliary we need the notion of truthfunctional 
component (cf. § 10). An immediate truth-functional component 
of jv is a formula y such that x is yjs or z]y for some formula and 
w is a truth-functional component of x, symbolically wTGc, if w 
belongs to a sequence of expressions each of which is either x or an 
immediate truth-functional component of an earlier expression of 
the sequence. The notion of sequence involved here can be dealt 
with by the same device which was used in defining formula 
(§56). Thus 

A39. ^(fTCi/)"* for '’(3ot)(f Ing a . (iS)(i3 Ing 

Or) 05)(r Pra . Fmla 5 : r =* i8j5 .v. 7 « 6j^)))T 

As a further auxiliary in defining tautology we need the notion of 
truth set (cf. § 10) — or, since this would involve membership and 
thus exceed the bounds of protosyntax, we may avail ourselves 
rather of a parallel notion of trutk sequence, A truth sequence of x 
is any expression whose framed ingredients constitute a truth set 
of X in the sense of § 10. Thus to say that y is a truth sequence of 
x^ symbolically yTS^v, is to say that any joint denial z]w which is a 
truth-functional component of a? is a framed ingredient of y if and 
only if neither % nor «; is a framed ingredient of y. 

A40. *"(? TS rip for ’’(a) (P) (Fmla a - aj/5 TC 17 .3 L 

ajjS Ing f - = : a Ing f - i . i3 Ing f)"*- 

To say that a formula x is tautologous, finally, symbolically 
Taut X, is to say that x belongs to each of its truth sets (cf. § 10); 
in other wordsj that a: is a framed ingredient of each of its truth 
sequences. 

A41. HTautr"* for ‘"(Fmla f . (a)(a TS f .3. T Ing a))T 

In defining tautology we have made some progress towards 
definition of the axioms of quantification. For the latter purpose a 
second necessary step is definition of the notion of closure; and as 
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a preliminary to this, in turn, we need the notion of alphabetic 
succession of variables. The alphabet of variables is the infinite 
alphabet : 

O'? X, y, z, x\ y\ z', w''y . . 
it must not be confused with the finite alphabet of signs: 

O', y> '» G )> €• 

Thus the alphabetic successor of a variable x, symbolically vs x, 
begins with S 2 or S 3 or S 4 or SrSs according as a; begins with Si or 
S 2 or S 3 or S 4 ; and the rest of vs x^ if any, is like the rest of x* 

A42. •’vs jor ‘'(ia)(3/3)(3T)0 = Si . T = S2 -v. /3 = S2 . 7 = S3 -V. 
i3 * S3 . 7 “ S4 -V. = S4 - 7 - SrSs : 
f = . a = 7 .V (35)(r = . a = 7 “^ 5))''. 

A variable x is alphabetically prior to a variable y, symbolically 
X VPr y, if y is vs a; or vs vs x or vs vs vs x or etc; or, equivalently, 
if vs X or vs vs x or vs vs vs x or vs vs vs vs x is an initial segment 
of y. 

A43. ’’(f VPr niY for ‘‘(Vbl f . Vbl : vs f B 77 .v. vs vs f B 17 .v. 

vs vs vs f B 77 .v« vs vs vs vs fB„r- 

If we had dispensed with ^x\ *y\ and *z* and limited our variables 
to with and without accents, A42 and A43 would have been 
greatly simplified; the successor of a variable would be the same 
variable accented, and one variable would be prior to another if 
initial to it. 

As a next step towards the notion of closure we must define 
*x LF y G in the sense *x is alphabetically the last free variable of y\ 

A44- ^(rLFi 7 )“' for '"(fFt? (3a)(a F 77 . f VPr a))^ 

Now the closure of x, symbolically cl x, is readily defined in con- 
formity with § 14. 

AAS. *”c1 for ^(ia) (Fruls. a - f Ea - 

(i 8 )(Fmla . fE/3 . fiEa -D ( 7 ) (Vbl 7 - 7 qu /3 E a .s. 7 LF P)))\ 

We can now define the axioms of quantification of kind A (cf. 
1 15). To say that x is one of these, symbolically AQa x, is to say 
that x is the closure of a tautologous formula. 
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A46. '"AQa r"” for ^(3a)(Taut a . f = c\a)\ 

Preparatory to defining the other kinds of axioms of quantifica- 
tion, it is convenient to adopt the following definitions. 

A47. for '“(fj?)"'. 

A48. for 

A49. cd rj)^ for ‘’(nf al r]i)\ 

Comparison of A47 with Dl shows that, where is a formula, nx is 
the denial of x (in primitive notation, of course). Comparison of 
A48 with D3 shows similarly that ^ al y is the alternation formed 
from X and y in that order; and comparison of A49 with D4 shows 
that cd y is the conditional whose antecedent is"^^: and whose con- 
sequent is y. 

Now the kinds B, C, and D of axioms of quantification are 
readily defined. 

A60. ^AQbT for ^(3a)(3i3)(37)(Vbla.Vbl/3.Fmla7. 

f « cl((a qu(j8 qu t)) cd (jS qu(a qu t))))'*. 

A61. ^AQcT for ^(3a)(3^)(37)(Vbl a . Fmla . Fmla y . 

f = cl((a qu {0 cd 7 )) cd ((a qu cd (a qu 7 ))))’’- 
A62. ‘^AQd for '"(3a)(3)S)(Vbl a - Fmla P - '^(aFp) • 
f « cl (jS cd (o: qu P))y. 

Let us write ^x' SFJ x* to mean that x' is like x except for con- 
taining free occurrences of y' wherever x contains free occurrences 
of y. (The ‘S’ and ‘F’ here are to suggest the words ‘substitution’ 
and ‘free’.) This must be defined before we can define the quanti- 
ficational axioms of kind E. Preparatory to defining *x' SF^x’ it 
is convenient to define *x^ SFlJ x\ in the sense ^x* is like x except 
for containing a free occurrence of y' in place of one free occurrence 
ofy’. 

A63. ^(r'SFl?'f)^ for ^(3a)(3aO(aFOfT,.a'FOf.i7'. 

(PXa - A -s. a' cTp -s. f' =« a'l3))T 

Next let us write "x' SF?j' x^ to mean that x^ is like x except for 
containing free occurrences of y' at ^0 places where x contains 
free occurrences of y; in other words, that x' belongs to a sequence 
of expressions each of which is either x or else like an earlier ex- 
pression of the sequence except for containing a free occurrence of 
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y' in place of a free occurrence of y. The notion of sequence in- 
volved here can be dealt with as in A31 and A39. 

A64, ^(f' SF??' ty for ^{3a)(t Ing a . (/3)(/3 Ing a .3 : ^ = f .V 

(37)(t Pra i9 . /3 SFIJ' 7)))"». 

Finally *^'SFy a;’ says that ;v'SF?5f;v and further that no free 
occurrences of y are left standing in at — unless of course y and y' 
are the same variable. 

A66. for 

Definition of the axioms of quantification of kind E is now easy. 

A66. ^AQe r for cc . Vbl a' . Fmla . 

SFS'^-f -cl ((a qu p) cd 

§ 58 . Theorem Defined 

PREPARATORY to defining the axioms of membership, we need 
the notion of stratification. The earlier explanation of stratification 
(§ 28) involved putting numerals for variables; by way of keeping 
within our protosyntactical resources, however, let us now use 
strings of arrows instead of numerals — n arrows instead of the 
nth positive numeral. Sacrifice of *0^ and the negative numerals 
is obviously of no consequence; stratification established with help 
of non-positive numerals can be established equally well by use of 
uniformly higher numerals all of which are positive. 

First we adopt three definitions closely analogous to A53-5S. 


A67. 


for 

j;(3«)(3«0(a 

Of Of' tj'. 



(i3)(« = 

P 7) a' = 0 

V - a~/3 

■ r = «'l3)r. 

ASS. 

"(f'SfJf)-' 

for 

■-(3«)(r Ing 

a . (0)(0 Ing a . 

3:/3 = i-.v 





(3y)(r Pfa/S 

.0S^'y))r. 

A69. 


for 


(lylnfO)''. 



Where y and y' are any expressions, clearly *x' SlJ x' says that x 
is like X except for containing y' in place of an occurrence of y. So 
long as Xy y, and y' are not such that substitution of y' for y in at 
gives rise to new occurrences of y, it is clear further that x^ 
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holds if and only if is like x except for containing y' in place of 
^0 occurrences of y, and that ‘at' x' holds if and only if x' is 
like X except for containing y' in place of all occurrences of y. In 
particular these versions are correct in those cases where y is a 
variable and y' a string of arrows, since clearly no new occurrence 
of a variable y can be generated by putting a string of arrows for 
y in any context. 

'Ar a:’ will mean that at is a string of arrows. The definition 
resembles A22. 

A60. ^Arf^ for .D. Sg Ea)\ 

Next let us speak of- x as an arrow projection of y, symbolically 
ArAPy, when x is formed from y by putting strings of arrows for all 
occurrences of ^0 variables (like strings for like variables); in 
other words, when x is one of a sequence of expressions each of 
which either is y or else is like an earlier expression of the sequence 
except for containing some string of arrows in place of all occur- 
rences of some variable. Thus, using our usual sequence technique, 
A61. ^(fAPi?)’’ for ^(3a)(f Ing a. (0)(fi Ing a.Dlfi * i? .V 

(37)(35)(3^0(Ar 7 . VbU . Pr« ^ ^ S? iS')))^ 
Finally, a formula x is stratified if it has an arrow projection 
wherein (i) no variables are left unreplaced by strings of arrows 
and (ii) a string of arrows following ‘c' is always longer by one 
than the string preceding. 

A62- ^Stratr for ^(Fmla f . (3a)(aAP f . -(3i3)(Vbl jS. J3 Pa), 
(7)(5)(Ar 7 . Ar 5 - 7e3 Pa .3, 5- 7 Sg)))"’. 
The following definitions, needed as further preparation for the 
axioms of membership, are related to D2, D5, and D8 as A47--49 
were related to Dl, D3, and D4. 

A63. ‘'(fcji;)'^ for ‘’(nfjni|)T 

A64, b rip for ^((f cd rj) cj (1? cd f))’’. 

A66. ''(fqei?)'' for ‘"nCf qu 

Thus, where x and y are formulae, a; cj y is their conjunction and 
Arby is their biconditional (expanded into primitive notation); 
and, where z is a variable, z qe at is the existential quantification of x 
-with resnect to z. 
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Similarly, where x and y are variables, their identity will be 
called X id y. More accurately, jv id y is to be the formula (in primi- 
tive notation) whose abbreviation via Dl-10 is formed by putting x 
and y in the respective blanks of ‘ ( = ) The odd bound variable 
o! of DlO may conveniently be understood* always as the alphabeti- 
cally earliest variable other than x and y — hence the alphabetically 
earliest variable foreign to ^Ty — in conformity with the plan sug- 
gested earlier (§ 24). In general, let us speak of the alphabetically 
earliest variable foreign to z as fz. 

A66. Tf"’ for ^(iQ:)('^(a In f) . Vbl a • (/3)(/3 VPr a mD, j3 In f))"’. 
Then, in view of DIO, 

A67. ^(r id vr for ^(f(rv) qu ((£^1) e f) b (eifv) e r, )))\ 

When X and y are variables and z is a formula, x e yaz is to be 
the formula (in primitive notation) whose abbreviation via Dl-Q 
is formed by putting x in the first blank of *( )*, z in the 

last, and y under the circumflex. The definition is apparent from 
D9. The odd variable y of D9 is taken as the alphabetically 
•earliest variable other than y, and the variables of z — hence as 
f(Ar y" z). 

A68, ^(f e i/a^)"* for 

qe((f e f(fT9)) cj (v qu ((„ e f(fT0)) cd 0)))y. 

Where x, y, and z are as before, x id yaz is to be the formula 
whose abbreviation via Dl-10 is formed by putting x in the first 
blank of ‘ ( « ^ ) ^ z in the last, and y under the circumflex. 

Thus, in view of DlO, 

A69, '"(f id r)^ey for ^{f{f f 9) qu((f(r O) e f) b (f(r fO) e rjze)))\ 

Where x and y are variables and z and w are formulae, ^caz e yaw; 
is to be the formula whose abbreviation via Dl-12 is formed by 
putting z and w in the respective blanks and x and y under the 
respective circumflexes of )’. Thus, in view of D12, 

A70. '"(faT? e f'ai/')’' for 

qe ((f(rTf'V) id fa,,) cj imyW) e 

Where is a variable, e v is to be the formula whose abbrevi- 
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ation via Dl-lS is formed by putting x in the blank of 
and, where y is a formula, xzy e v is to be the formula who^ 
abbreviation is formed by putting x under the circumflex and y in 
the blank of ‘ eV) \ Thus, in view of DlS, 

A71. ^(rev)“’ for e S^aCS^ id Ss))^ 

A72. ^(fatjev)^ for "(faij e S 2 a(S 2 id 82 ))^ 

The membership axioms of § 28 could have been chosen some- 
what differently; instead of taking the antecedent in (6) of § 28 as 
a conjunction, we could have required merely that the antecedent 
be such as to imply each of the components of that conjunction 
tautologously. This revision will obviously not affect the totality 
of theorems; and it will considerably simplify the protosyntactical 
formulation. To say that x is an axiom of membership of this kind, 
symbolically AMa x, is to say that x is the closure of a conditional 
y cd {zzw e v) such that z is a variable, zp is z stratified formula, 
and y cd (z' e v) is tautologous for every free variable z' of w other 
than z. Thus 

A73. "AMAr"* for ''(3a)(3i?)(37)(Fmla « . Vbl^ . Strat 7 . 

(5) (5 ¥y • d 7 ^ P 3 Taut aed(6ev)) . f = cl(a cd (pzy e v)))’’. 

The other two kinds of axioms of membership, described in § 29, 
present no difficulty. 

A74. "AMef^ for ^(3a)(3a')(3j8)(3i8')(Vbl a . Vbl a' . 

Fmlao p . Sit ^ . f = cl((a id a') cd {P cd p'W. 
A76. '"AMc r for ^(3«)(3i8)(37)(VbI cu . Vbl jS . Fmla 7 . 

P oL.r^ {p¥y) - f = cl(i3 qe {a qu ((a e j8) b {{a e v) cj t)))))"'* 

The general notion of axiom is now definable. 

A76, ‘'Ax f"* for ‘'(AQa f v AQb f v AQc f v AQd f v AQe f v 

AMa r V AMb f V AMc T)’’* 

Now a: is a theorem if it belongs to a sequence of expressions each 
of which is an axiom or a ponential of earlier expressions of the 
sequence. 

A77. nrhm f"* for ‘"(3a)(f Ing a . (j8)03 Ing o: .3 . Ax ^ V 

(37)(7Pra^-7cd^ Pr«^)))^ 
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§ 59 . Protosyntax Self-Applied 

IN § 55-58 we have considered the protosyntax of logic; let us 
now consider the protosyntax of protosyntax itself. Instead of 
using the notation of protosyntax to discuss expressions composed 
of the alphabet: 

Xy y» ) (> )> vi > 

we shall now use it to discuss expressions composed of the very 
alphabet: 

iVy X, y> > (> )j i > M 

in which protosyntax itself is couched. The explanation of 
*Mxyz* in § 54 accordingly needs to be reconstrued to this slight 
extent: the alphabet mentioned under Case 1 ceases to have the 
typographical shape as its ninth member, and comes to have the 
^hape instead. In other words, S9 ceases to be and becomes 
"M^ 

The protosyntactical definition of protosyntactical formula pro- 
ceeds just like the protosyntactical definition of logical formula, ex- 
cept that the atomic formulae are now described as having the form 
instead of ’"(ex € jS)''. Thus the definitions Al-30 are taken 
over intact except that A23 and A28 give way to: 

«}■' for 
TFinlao f'' for 

'-( 3 a)( 3 / 3 )( 37 )(Vbl a . Vbl |S . Vbl 7 . f - m| t})’’; 

and A31 is taken over with ‘Fmlao’ and ‘Fmla^ changed to 
"PFmlao’ and ‘PFmla\ 

Just as the theorems of logic comprised the ponentials of ponen- 
tials of . . . axioms of quantification and axioms of membership, so 
the theorems of protosyntax would comprise the ponentials of 
ponentials of . . . axioms of quantification and various axioms 
appropriate to The protosyntactical definition of protosyn- 
tactical theorem would thus proceed analogously to the protosyn- 
tactical definition of theorem hitherto constructed for logic. We 
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would first define the axioms of quantification as in § 57 ; next, 
instead of defining axioms of membership as in § 58, we would 
define appropriate axioms governing and from here we would 
proceed to ‘PThm^’, is a protosyn tactical theorem*, through 
definitions precisely parallel to A76~77. 

What should we choose by way of axioms governing ‘M*? An 
ideal choice would be such that the theorems would come to exhaust 
those protosyntactical formulae which are true statements, and of 
course exclude all which are false. It turns out, however, £hat 
such a choice is impK)ssible — so long as we Insist on its speci li- 
ability in protosyntactical terms. It turns out that no proto- 
syntactically definable notion of protosyntactical theorem can 
exhaust the protosyntactical truths and exclude the falsehoods. 
The remainder of the section will be devoted to establishing this 
conclusion, which has far-reaching significance. It will be shown 
that if ‘’PThm f"* is so construed as to be translatable into proto- 
syntax at all then there is a protosyntactical statement which is 
true if and only if it is not a theorem. If the statement in question 
is true then it is not a theorem, so that the theorems do not exhaust 
the protosyntactical truths; and otherwise it is a theorem, so that 
the theorems do not exclude falsehoods. 

Just as in §§ 57-58 we adopted definitions A47-49, A63-65, and 
A67 for convenience in referring to those formulae which the logical 
definitions Dl-5, D 8 and DIO serve to abbreviate, let us now adopt 
definitions which will enable us similarly to refer to those proto- 
syntactical formulae which the protosyntactical definitions Al-S, 
A8, and A9 serve to abbreviate. The first six of these new def- 
initions, introducing al 7p, ''f cd rp, ‘"f cj rp, b 17 "*, and 

qe rpy simply duplicate A47-49 and A63-65; for Al-5 and AS 
are the same as Dl -5 and D 8 . The remaining one of our new 
definitions is related to A9 as A67 is related to DIO; A66 is to be 
understood as carried over in preparation. 

'■(f idp ri)'' for 7 ) qu (lu { f. S’ } t> m { f(f >?)>’?>’» } ))^- 

Thus, where x and y are variables, x idp y is the protosyntactical 
formula whose definitional abbreviation via Al-9 i§" ' ( = ) ’ 
with X and y in the respective blanks. 
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Now let Zi be the protosyntactical formula ‘ W(y) yi.wxy \ or 
rather the primitive expansion: 

(at) (y) (Mo^Ary I Mz£?A;y) 

thereof; i.e., 

‘Zi for ‘ (S2 qu (S3 qu n m { Si, S2, S3 } )) ^ 

Let Z2 be the primitive expansion of the result of putting Zi in the 
blank of: 

(1) (3A:)((3et>)(A; - w • ) - "Niwxw)'^ 

i.e., 

%’ for ' (S2 qe ((Si qe ((S2 idp Si) cj Zi)) cj m { Si, S2, Si } )) ^ 

Similarly let Z3 be the primitive expansion of the result of putting 
Z2 in the blank of (1) ; and so on to Zg. The definitions of ‘Z3', . . . , 
‘Zg’ are just like the above definition of ‘Z2’ except for containing 
, ‘Zs’ in place of ‘Zl^ 

We have noted (§ 54 ) that (^)(y) ~ Mwxy if and only if « Si, 
Thus the formula Zi is equivalent to « Si*. Accordingly, put- 
ting s= Si’ in the blank of ( 1 ), we conclude that Z2 is equivalent 
to: 

( 3 ^f)(( 3 w)(A; « « Si) - 

which is equivalent in turn (cf. * 234 b) to and hence to 

'zv « S2’ (cf, § 54 ). Putting the latter in the blank of (1), we con- 
clude in similar fashion that Z3 is equivalent to ‘24; = S3’; and so 
on. Zi, Z2, . - . , Zg are protosyntactical formulae (in primitive 
notation) which are equivalent respectively to = Si’, - S2*, 
= Sg*. 

By z cid 2', next, will be meant the primitive expansion of the 
result of putting 2 and 2' (whatever expressions these may be) in 
the respective blanks of: 

( 2 ) { 3 x){^y){{ 3 ui)(x ^ w . ) - ( 3 «;)(y = w . ) - yiwxy . 

yiwxw). 

Thus 

cid rty for *"(S2 qe (S3 qe ((((Si qe ((S2 idp Si) cj f)) cj 
(Si qe ((S3 idp Si) cj 17))) cj m{Si, S2, S3}) cj n m{Si, S2, Si})))L 
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Consider, e.g., Z* cid Zt (supposing h and k chosen from among 1, ‘2, 

. . . , 9). Since Z* and Zk are' equivalent respectively to ‘a = Sj’ 
and ‘w = Si’, Z* cid Z* is equivalent to the result of putting 
"w = Sa’ and ‘w = St’ in the respective blanks of (2). But this 
reduces to ‘MreStSt- (cf. *234b), which is equivalent 

in turn to ‘to = St'St’ (cf. § 54). Thus Z* cid Zt is equivalent to 
'zv = By the same reasoning, .again, (Z^ cid Zt) cid is 

seen to be equivalent to = SjTSjTS^’; likewise ((ZAcidZ*) 
cid ZJ cid Zn is equivalent to = SrsrS^'^Sn’; and so on. In 
general, (. . . ((Z^, cid Z^J cid Z^,) . . . ) cid Z?,. is a protosyntactic 
formula equivalent to and will be referred 

to hereafter as the identity matrix of S^j ... ^S?^. Since every 
expression in protosyntax is for one or another 

choice of . . , , (where r ^ 1 and 1 ^ ^ 9 for each i)^ 

every expression in protosyntax has an identity matrix. The 
identity matrix of an expression x, in general, symbolically im x^ 
is a certain protosyntactic formula which is equivalent to the 
identity formed by prefixing ‘a; to a name of the expression x- 

Whereas im Si, . . . , im Sg, im(SrSi), ... are explicable indi- 
vidually as Zi, . . . , Zg, Zi cid Zi, . . . , we have yet to devise a 
protosyntactic definition of the general case ‘imx\ Let u:> first 
consider, not im x itself, but im^"';t. If we once get im^^^r as a 
whole then we can single out im x afterward as the initial proto- 
syntactical formula thereof; for a survey of our primitive notation 
reveals that a string of signs cannot have two jormulce as initial 
segments, when the full parentheses appropriate to joint denial are 
taken into consideration. 

Now if is a sign, im;v x is Zt S,* (for appropriate i from 1 to 9) ; 
and if on the other hand is a complex expression y Si then 
imx "a; is (imy cid Zt)^y""S,-. An expression w will thus be of the form 
imAT '^x for some a:, symbolically IMC if and only if w is one of a 
sequence of expressions each of which is either Z, S, for some i or 
else (s cid Zt^^^'Si for some i where z'y is an earlier expression of 
the sequence (and z is a formula). Accordingly, applying our usual 
sequence technique, 

1 The connective 'cid' is supposed to suggest the words 'concatenation' and 
'identity * 
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^IMC for '’(3a!)(f Ing a . Ing a .3 : jS == ZrSi .V. . . . 

•V. jlS = ZrSg .V (37)(35)(PFmla 7 . 7I Ptoi/S : jS - (7 cid Zi)XSi -v. 

(7 cidZgXSs)))^! 

Now the definition of f"* is obvious. 

■'im for '^Oa)(PFmla a . IMC cTf)'’* 

Suppose, finally, that '“PThm f"* has received some protosyn- 
tactical definition or other. The expression : 

PThm Siqu(ima^ cd to) 

thus becomes a definitional abbreviation of some protosyntactical 
formula H. In view now of the meaning of ‘im’, the statement 
Si qu (imH cd H) will be true if and only if the result of writing 
the formula H in the blank of: 

(tv) (to “ H ,D ) 
is true; i.e., if and only if ' 

(to) (to « H .3 ^ PThm Siqu(imt£^ cd to)); 
i.e., if and only if 

^ PThm Siqu(imH cd H) 

(cf. *234a). The protosyntactical statement Si qu (imH cd H) 
is thus true if and only if it is not a theorem.^ 


§ 60 . Incompleteness 

WE HAVE seen tha^ protosyntax is protosyntactically incomputable , 
in the sense that no protosyntactically definable notion of proto- 
syntactical theorem can exhaust the protosyntactical truths and 
exclude the falsehoods. Protosyntactical truth is protosyntacti- 
cally indefinable. Where K is the class of all those statements which 

^ Obviously the dots here mark no breach of rigor. The reader can "write 
in the fourteen missing clauses. 

2 Note the absence of quotation marks. The protosyntactical statement in 
question is not the symbolic expression appearing here, nor its primitive expansion, 
but rather the statement designated thereby. 
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are built up of atomic matrices by joint denial and quanti- 

fication and are in fact true under the intended interpretation of 
M , * i \ etc., no matrix *. . . x . . composed of those same 
materials will fulfill the condition: 


( 1 ) 

In the course of the present section we shall find that logic itself 
is likewise protosyntactically incompletable; that no protosyn- 
tactically definable notion of logical theorem can exhaust the 
logical truths and exclude the falsehoods. Logical truth, like proto- 
syntactical truth, is protosyntactically indefinable. 

‘M* was explained (§ 54) in a fashion equivalent to the following: 
yixyz if and only if 

(i) X and y are respectively ‘at’ and or ‘y’ and ^x\ or . . . 
(through the nine-sign alphabet), or else 

(ii) y and z are expressions (composed of those nine signs) and x 
consists of y followed by s, or else 

(iii) X is not an expression and y is x. 

Now obviously the truth of the statements in K is not contingent 
upon geometrical peculiarities of the particular typographical 
shapes ‘y ‘s’, *'*, ‘( \ etc. which were chosen for purposes 

of (i); any other shapes, e.g. the numerals ‘ 1’, ‘2’, . . . , ‘9’, would 
serve as well. Indeed, we need not even insist upon typographical 
shapes. Instead of considering the shapes ‘1\ ‘2’, , . . , ‘9’ and 
their complexes ‘11’, ‘12’, . . . , ‘99’, ‘111’, etc., we could just as 
well consider the corresponding natural numbers, 1, 2, . . 9, 11, 
12, ... , 99, 111, . . . themselves. 

We are thus led to an arithmetical analogue of the protosyn- 
tactical ‘M’. By way of notation for the analogue, let us use the 
letter ‘e’ in place of ‘M’. This sense of ‘e’ has nothing to do with 
the membership sense of W; but there is no danger of confusion, 
since ‘e’ in the new sense has contexts of the form while ‘e’ 

in the membership sense has contexts rather of the form *^(J' €t/)T 
These new contexts are explicable in direct analogy to (i)-'(iii) 
above: exyz if and only if 

(iv) X and y are respectively 2 and 1, or 3 and 2, or . . . , or 9 and 
8, or else 
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(v) y and z are perpositive numbers (natural numbers in whose 
Arabic numerals *0’ does not appear) and x is y\ (cf. end of § 49), 
or else 

(vi) is not a perpositive number and y is x. 

Where K' is the class of all those true statements which are built up 
of matrices by joint denial and quantification, the only 

difference between K' and the previously described class K is that 
the statements of the one class contain ‘e’ where the statements of 
the other class contain 

This new idiom 'exyz* is readily given a logical definition. To 
the series of logical definitions Dl-48 we first add the ones sug- 
gested at the end of § 49, together with the following definition of 
the class of perpositive numbers. 

D 61 . ‘Pp’ for 

'x(x € Nn . (y)(;t ^ y^'O . (z)(a: = (2^0)\v -3- z - 0))) ^ 
Then we simply reproduce (iv)~(vi) as a formal definition.' 

D 62 . for 

'"(8 ^ 77 . ^ 1 . f .V. 77, 0 € Pp - f =* 77^0 -V. f 6 Pp . f = 77)"*. 

Let us return now to the protosyntax of logic, begun in §§ 55-58. 
The definitions A47-49, A63~65, and A67~72 were set up in such a 
way as to parallel Dl-5, D8-10, Dl2, and Dl5; and by continuing 
the series in obvious fashion we finally reach a protosyntactical 
definition: 

n. for ... 

paralleling D62. Where x, y, and z are any variables, e{*, y, z} is 
the logical formula (built up of matrices ^{a e by joint denial 
and quantification) which D1-D62 abbreviate as 'c' followed by 
the successive variables jc, y, and z (whichever ones they may be). 

Suppose now that y is a logical formula (in primitive notation, of 
course), and that x is an abbreviation of y by 01-62. It may 
happen that x contains only primitive notation plus abbreviations 
of the form explained by D62; x may be devoid of other 

abbreviation notation. When all these circumstances obtain, let 
us call X an epsilon abbreviate of y; symbolically ;cEAy, Where 
;cEAy, thus, x consists only of the alphabet Si, ... , Sg, l.e. 
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‘ x\ . , . ^ * I \ ^ whereof the protosyntax of logic speaks; but 
this does not make x a logical formula, for the mode of combination 
of signs which is essential to a logical formula is departed from in 
At the same time a: is an abbreviation, via Dl~62, of the 
genuine logical formula y. 

To say that x is an epsilon abbreviate of y is to say that -r is one 
of a sequence of expressions each of which either is y or else is 
formed from an earlier expression of the sequence by abbreviating a 
part e { z, z\ z" } as Sg z z' z" (z, z\ and z" being any variables). 
The protosyntactical definition of this notion of epsilon abbreviate 
is then readily accomplished, following our usual method of dealing 
with sequences. 

for ''(3a) (f Ing a . (jS)(jS Ing a DiP =- rj .v (37)(35) 

(35')(3a")(Vbl 5 . Vbl 3' . Vbl r .yFva^.P ® J yW. 

Under this definition, ^ArEAy’ is true also in the limiting case 
where x and y are the same expression; but this departure is of no 
consequence. 

Let us call x a quasi-theorem^ symbolically Thm'^:, if x is built up 
solely of expressions by joint denial and quantification, and 

is furthermore an abbreviation by Dl-62 of a theorem of logic. 
This notion is readily defined in protosyntax, given any proto- 
syntactical definition of theorem (e.g. that of § 58). 

^Thm'f"* for '*((3a)(Thm a - fEAa) . ~(3i3)(Fmla ^ . jSPj*))''. 

Suppose now that the protosyntactical definition of '“Thm f"* is 
such as to include among the theorems all those logical formulae 
which are true, and exclude all falsehoods. Then an expression x 
will be a quasi-theorem, in the above sense, if and only if it belongs 
to the class K' described earlier. Thus if we expand Thm^ into 
protosyntactical primitives we have a protosyntactical matrix 
‘ ... a: ... ’ such that 

(2) (Af)(. . . Af s.xe K'). 

Whereas the protosyntactical ‘M* (occurring in '. . . a? . . .^ has 
thus far been construed in the fashion appropriate to the proto- 
syntax of logic, i.e. in such fashion that Sg = let us now re- 
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construe it in the fashion appropriate rather to the protosyntax 
of protosyntax (§ 59); i.e., in such fashion that S 9 becomes 
The matrix / then comes to satisfy the condition ( 1 ) 

rather than ( 2 ), since the expressions belonging to K' go over into 
those of K when is changed to ‘M’. But we know that no 
protosyntactical matrix \ . x , . can satisfy ( 1 ). The initial 
assumption of the preceding paragraph is therefore false; no proto- 
syntactical definition of theorem can include all true logical 
formulae among the theorems and exclude the falsehoods. Logic, 
like protosyntax itself, is protosyntactically incompletable. 

It follows in particular that the notion of theorem which was 
developed in earlier chapters, and defined protosyntactically in 
§ 58, does not accord the status of theorem to all those logical 
formulae which are true statements — or else, worse, that it accords 
the status of theorem to some falsehoods. And, as the foregoing 
argument shows, any alternative notion of theorem which we might 
devise will suflFer a similar fate, so long as we insist on protosyn- 
tactical definability. Nor is the demand of protosyntactical 
definability easily waived; it seems already to be more liberal than 
the normal practical demand of constructivity — the demand that 
for each theorem there exist an at least fortuitously discoverable 
method of confirming its theoremhood (cf. § 55). 

The protosyntactical incompletability of logic is of more imme- 
diate concern to us than was the protosyntactical incompletability 
of protosyntax; but the latter is more remarkable than the former, 
inasmuch as protosyntax has a far more limited subject matter than 
logic. Apprised only of the protosyntactical incompletability of 
logic, we should probably have blamed the difficulty on the con- 
nective ‘e* of membership and hence questioned the admissibility 
of that connective. The notion of membership is a natural object 
of suspicion; for it is this notion that imports the whole realm of 
classes of higher and higher orders of abstractness, and even calls 
for ad hoc measures such as the distinction between element and 
non-element for the avoidance of contradiction. Protosyntax 
itself, on the other hand, is wholly independent of the notion of 
membership and the theory of classes; it calls for no non-elements, 
indeed no entities whatever beyond an infinite domain of finite 
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expressions each of which is nameable within the notation of proto- 
syntax in systematic fashion. Alternatively, we have seen, those 
entities can be construed as natural numbers. When protosyn- 
tactical incompletability reasserts itself in as simple a held as this, 
we cease to regard such incompletability as a ground of suspicion 
and come rather to expect it in every fairly untrivial field. 

Protosyntax, though protosyntactically incompletable, can 
indeed be shown to be syntactically completable. Le., whereas no 
matrix constructed solely of atomic matrices by joint 

denial and quantification will fulfill (1) when put for the blank 
\ X , \ introduction of additional atomic matrices of the form 
^(aepy does enable us to construct a matrix which will fulfill 
(1) when put for \ . x . , On the other hand syntax itself, 
embracing membership in addition to the resources of protosyntax, 
is not even syntactically completable. This can be shown by 
applying syntax to itself just as protosyntax was applied to itself 
in § 59. (For this purpose the alphabet implicit in the interpreta- 
tion of is of course reconstrued as embracing both ‘e" and 
'M*, as S9 and Sio.) Whereas protosyntactical truth is syntacti- 
cally but not protosyntactically definable, syntactical truth is not 
even syntactically definable. 

Protosyntactical definability was thought of as moderately 
broader than constructivity, and syntactical definability -was 
thought of as corresponding to the much broader property of 
formality (cf. §§ 53, 55). Insofar as this way of thinking does 
justice to the intent of the vague terms ‘constructive’ and 'formal’, 
then, we must conclude that protosyntactical truth is a non- 
constructive formal notion and that syntactical truth is not formal 
at all. Whoever finds the latter conclusion intolerable had best 
explain his sense of ‘formal’. 

The argument from the protosyntactical incompletability of 
protosyntax to the protosyntactical incompletability of logic 
turned essentially upon the fact that a set of entities behaving like 
the objects of protosyntax — in short, a model of protosyntax 
is discoverable among logically definable objects; viz., in the 
arithmetic of natural numbers- Now it is possible similarly, by' 
exhibiting a logical model of syntax, to argue from the syntactical 
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incompletability of syntax to the syntactical incompletability of 
logic. Logical truth, like syntactical truth, is syntactically inde- 
finable. Logical truth may, subject to the cautions of the pre- 
ceding paragraph, be said to be informal. 

Thus even if we go so far as to waive the demand of protosyn- 
tactical definability in order to come by a notion of logical theorem 
which will cover all logical truths and exclude all falsehoods, the 
outlook remains dark; we should have to renounce syntactical 
definability as well. Indeed, a notion of theorem capable of ex- 
hausting those logical formulae which are true and excluding those 
which are false will be definable only in a medium so rich and 
complex as not to admit of a model anywhere in the reaches of 
logic and the derivative body of mathematics. An exhaustive 
formulation of logical truth remains a worthy undertaking; 
but an exhaustive formulation which carries general recogniza- 
bility with it, even of the most tenuous sort, is not to be aspired to. 
We must in practice rest content with one or another notion of 
theorem which covers an important subclass of the logical truths 
and does not encroach upon the falsehoods; and the notion of theo- 
rem developed in foregoing chapters is presumably one of these. 


The fact that logic is incompletable by constructive means, more precisely by 
recursive means (cf. § 55), was discovered and established by Godel; and it is to him 
that the essential idea behind the technique of self-application (§ 59) is due. The 
numerous possible extensions in this direction fall under a general formulation 
offered by Tarski (“ Wahrheitsbegriff,” pp. 370ff; also Undecidable Statements”), 
whose sense is roughly reproduced in the second sentence of the preceding para- 
graph. 

I have here preserved no trace of that side of Godel’s paper which has reference 
to questions of consistency. For a glimpse of these developments and subsequent 
ones see Rosser, “ Informal Exposition.” 
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assembled here for convenience of reference. The numerous 
defiriitioiis of §§ 49-59, not having been used in formal proofs, are 
omitted from the list. Various definitions which were casually 
suggested in the course of earlier discussion (pp. 49, 141, 201, 208, 
225, 227) are likewise omitted. 
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Various of the theorems and metatheorems are assembled here 
for convenience of reference. A bookmark at this point will prove 
useful. 

The plan has been to include a theorem or metatheorem in the 
list just in case it is cited by number at least tvdce in proofs subse- 
quent to the section in which it made its own appearance. Hence 
the reader should not use this list in looking up numbers which are 
close to the number of the theorem or metatheorem whose proof 
he is examining; instead he should merely glance back over 
neighboring pages. In cases where the theorem or metatheorem 
sought is missing from the list because of not having been used 
twice, the reader will indeed consult the list and be disappointed; 
but from the list he will learn the page numbers of neighboring 
theorems and metatheorems, thus expediting his consultation of 


the text. 

Initial universal quantifiers have for brevity been omitted in 
listing theorems. 
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Completeness 6, 307, 310ff. 

Complex numbers 278. 

Component, truth-functional 52fF, 
299. ♦ 

Composition, truth-functional llfF, 
29, 33, 42ff. 

Computability 292. 

Concatenation 283fF, 288f, 294. 

Concrete objects 12 If. See also 
Individuals. 

Conditional 14fF, 18, 29, 3 If, 48, 
301; stacked 93; subjunctive 
16, 29, 33. 

Conju'nctlon llfF, 30, 41, 47, 303. 

Connectives llff, 119, 180. 

Consequent 14. 

Consistency 166, 292, 317. 

Constant function 226, 279. 

Constants, logical 1. 

Constructivity 291 f, 314fF. 

Context 25, 140fF, 167, 294. 

Contextual definition 121, 126, 
132, 140, 145. 

Continuity 273. 

Contradiction 128fF, 157, 163fF, 
197; law of 51. 

Converse 208fF, 212fF. 

Converse domain 213. 

Corners 33ff, 110, 287, 290. 

Counter set 247fF. 

Counting 247, 254. 

Couple, ordered 126, 198fF, 202, 
278. 

Cyclic formulae 157. 

Dagger 88, 137, 139, 1*45, 173f. 

Decidability 5f, 86fF, 156, 291f. 

Decimal notation 265f, 311- 

Definability 286, 292f, 307, 310f, 
3141F. 

Definition 47, 103, 126, 133f, 293; 
contextual 121, 126, 132, 140, 
145; protosyntactical 292fF, 306fv 
310f, 314fF; syntactical 31 5f. 
See also Abbreviation, 


SUBJECTS 

DeMorgan’s law 57, 61, 181, 183. 

Denial 13f, 47, 301; scope of 16, 
40. 

Density 273. 

Derivative 279. 

Description 145fF, 292fF. 

Designation 24flr, 32fF, 146fF, 226. 

Developnient, laws of 58. 

Differential 25; calculus 279. 

Disjunction, see Alternation. 

Distributivity 60f, 182f, 210f, 

232, 263f. 

Diversity 137, 

Division 269f, 275ff. 

Domain 212. 

Dots 37flF, 41; relational 205fF, 209. 

Double denial 56; negation 181, 
183, 

Dyadic relations 201, 225. 

Element 131f, 155flF, 165f, 197f, 
200, 25lf. 

Elementhood: conditions for 158f; 
theorems on 144, 178f, 181, 193f, 
199, 224, 238, 246f. 

Element-identity 190, 230. 

End 284. 

Epsilon 119ff, 155, 284, 293, 311f. 

Epsilon abbreviate 312f. 

Equivalence 30f, 56. See also 
Biconditional. 

Essential If, 28, 50. 

Excluded middle 51. 

Existence 150f, 162. 

Existential quantification lOlff, 
303. 

Exponents 254, 259; laws of 264f. 
See also Power. 

Expression 5f, 283ff, 287. 

Extensionality 11, 16, 29. 33, 73f, 
120f. 

Extra-logical discourse 127, 141, 
149fF, 161, 168, 292, 296f. 


False 27fF. 
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Final segment 284. 

Finite classes 194, 250ff. 

Foreign variable 133f, 304. 

Formality 283fF, 286f, 315. 

Formalization, importance of 6fF. 

Formula 71fF, 79, 127f, 286f, 297; 
atomic 73, 89f, 123f, 127, 283fr, 
296f; logical 124fF, 127f, 283flF, 
295f; mathematical 128; proto- 
syntactical 292, 306f; syntactical 
290. 

Fraction 25. See also Ratio; Quo- 
tient. 

Framed ingredient 295f, 317. 

Free variable, occurrence, etc. 76fF, 
143, 298. 

Function 214, 22 Iff; abstraction of 
225ff, 229. 

Generalization, see Quantification. 

Geometry 279. 

Greater 265ff, 272, 277. 

Greek letters 34ff, 68, 75, 110, 135, 
287, 290. 

Group theory 214. 

Hieroglyph 26. 

Hypothesis 93. 

Hypothetical, see Conditional. 

Idempotence 56, 61, 181, 183, 232. 

Identities of arithmetic 262ff. 

Identity 122f, 134ff, 185; in pro- 
tosyntax 293, 303f, 307; of 
indiscemibles 136, 175f; stacked 
182; substitutivity of 160f, 167ff, 

174. 

Identity function 214, 229ff, 253, 
256. 

Identity matrix 308ff. 

Implication 14, 16, 28f, 3 If, 56. 
See also Conditional. 

Inclusion 185ff, 204, 206f; and ab- 
straction 126, 184; and member- 
ship 185, 189. 


SUBJECTS 

Incompletability 6, 307, 310ff. 

Individuals 121ff, 135ff, 148f. 

Induction, mathematical 243f. 

Inference 7, 85; rules of 88f. 

Infinite classes 194, 248, 25(MF. 

Initial segment 284. 

Integer 276. See also Whole num- 
ber. 

Inverse 275f. 

Irrational number 272f. 

Iteration 30, 32, 41. 

Joint 39. 

Joint denial 45ff, 284. 

Lambda 226ff. 

Lambda-definability 292. 

Least upper bound 272f. 

Less 265ff, 272, 277. 

Limit 278f. 

Line 136f, 233, 279. 

Logic: subject matter of Iff, 127f; 
symbolic 5; traditional 1, 7, 189, 
210; universality of 2; vocabu- 
lary of Iff. See also Mathemati- 
cal logic. 

Logical: formula 124ff, 127f, 283ff, 
29Sf; statement 125, 

Looseness 39. 

Mathematical formula 128. 

Mathematical induction 243f. 

Mathematical logic 5, 7f; applica- 
tions of 7f; history of 1, 14, also 
footnotes and small print passim. 

Mathematics: extensionality of 73, 
121; its derivability from logic 5, 
73, 126ff, 279. 

Matrix: name 152, 226; statement 
71ff, 79, 298. 

Meaningfulness 146f, 150, 163ff. 

Measurement 7, 279. 

Membership 119fF, 131ff, . ISSff, 
185, 314; as relation 232f, 248; 
axioms of 155ff, 162, 305. 
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Mengenlehre 127, 164fF. 

Metamathematics 126, 286. See 
also Syntax. 

Metatheorem 89fF. 

Model 271, 315ff. 

Modus ponens 85, 88f. 

Multiplication, see Product. 

Name matrix 152, 226. 

Names 32ff, 83f, 119, 125, 149fF, 
171, 226. 

Natural number 237fF, 247, 250(F. 

Negation, see Complement; De- 
nial. 

Negative number 276f. 

Nominalism 121. 

Non-element 131, 177, 179, 228, 
251, 314. 

Notation 34f, 37, 47, 75, 132, 283ff, 
287fF. 

Null class 122, 144f, 163, 183f, 188. 

Number: complex 278; natural, 
237fF, 247, 250fF; rational 25,' 
266fF, 271fF; real 271fF. 

Numbering of theorems and meta- 
theorems 88, 90, 137. 

Occurrence 297f. 

Official notation 40f. See also 
Primitive notation- 

One 237ff, 267, 275. 

Ontology 121f, ISOf, 162. 

Ordinary usage 12ff, 67fF. 

Pair, ordered 126, 198aF, 202, 278. 

Paradox, see Contradiction. 

Parentheses 5, 15f, 37fF, 124, 180, 
221, 296; restoration of 40f. 

Part 295. 

Particular quantification lOlff, 303. 

Per positive 312. 

Pi 273. 

Plane 136f, 233. 

Point 136f, 233. 

Polyadic relations 201, 208, 225, 
227. 


SUBJECTS 

Ponential 85fF. 

Positive number 276f. 

Potentiality 16. 

Power: arithmetical 259, 261f, 
264f, 270, 274f, 277f; relative 
253ff, 259, 265. 

Predecessor 252. 

Predicate 27ff, 119, 149, 151. 

Predication, relational 200f, 227. 

Prefix, see Quantifier. 

Primitive notation 40f, 47, 75, 100, 
133, 143, 149ff, 308. 312f. 

Primitives, reduction of 2f, 5ff, 43fF, 
49, 72f, 126, 288fF. 

Priority 296. See also Alphabetic 
order. 

Product: arithmetical 259fF, 268fF, 
274, 277; logical 179ff; relative 
213f. 

Projection 209ff, 214. See also 
Arrow projection. 

Proof 5f. 

Proof notation 92ff, 10 Iff, 129, 
138f, 145, 173f, 176f, 182, 204, 
262f. 

Proper ancestral 220f. 

Proper names 149fF. 

Property 119f, 237. 

Proposition 32. See also State- 
ment. 

Propositional function 121. See 
also Property; Statement matrix. 

Protasis 14. 

Protosyntax 29 Iff, 306fF, 314f. 

Quantification 18, 55, 67ff, 285; 
axioms of 80fF, 87fF, 300f; ex- 
istential lOlff, 303; universal 
102; vacuous 74, 82, 88, 104. 

Quantificational diagrams 70, 76. 

Quantifier 67fF, 142; confinement 
of 108f; distribution of 82, 88, 
105fF; insertion of 139f; permu- 
tation of 81f, 88, 104; scope of 
76f. 
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Quasi-atomic context 140fF, 167, 
294. 

Quasi-quotation 33ff, 110, 287, 290. 
Quasi-theorem 313. 

Quotation 23fF, 33fF, 290. 

Quotient 269f, 275fF. 

Range of functionality 222ff, 228. 
Ratio 25, 266fF, 271fF. 

Rational 272. See also Ratio. 
Real number 27 Iff. 

Real variable, see Free variable. 
Recursive 86fF, 292, 316. 

Reduction sentences 33. 

Reflexivity 56, 61, 138, 185, 232. 
Relational part 205fF. 

Relations 197fF; abstraction of 202fF, 
208; predication of 200fF, 227; 
theory of 61, 127, 279. 

Relative: power 253fF, 259, 265; 
product 213f. 

Relettering 109ff, 159, 177. 
R'etrojection 212. 

Root 275f. 

RusselFs class 128fF, 157, 179, 249. 

Scope 16, 40, 190, 217, 227. 
Self-augment 2461F. 
Self-membership 125, 1281F, 157, 
175, 179, 249. 

Semantic 24f. 

Sequence 295f, 299, 309, 317. 

Set 127. See also Class; Counter 
set; Truth set. 

Sign 283fF, 288; and object 23fF, 
283fF. 

Signed real numbers 276f. 
Single-valuedness 222. 

Singulary 13; scope of such oper- 
ators 16, 190, 217, 227. 
Specification 82fF, 88, 151, 171f. 
Spelling 284. 

Star, see Asterisk- 
Statement llff, 71flF, 79, 298; 
logical 125. 


Statement connective 27flF. 

Statement matrix 71ff, 79. 298. 

Statement predicate 27ff. 

Stratification 155fF, 164, 302f; of 
matrices 159f; test of 158, 238, 
302f, 319flF. 

Strict implication 32. 

Subjunctive 16, 29, 33. 

Subscripts 35, 67, 254, 269, 275, 
278. 

Substitution 170fF, 3011F. 

Substitutivity: of biconditional 
96ff; of identity 160f, 167fF, 174. 

Subtraction 276f. 

Successor 237iF, 252f, 259iF, See 
also Alphabetic order. 

Sum, arithmetical 259fiF, 268f, 

274, 277; logical 180ff. 

Symmetry 138, 232. See also Com- 
mutativity. 

Syntax 3ff, 283fF. 

Tautology 50fF, 55, 86fF, 93, 199, 
299. 

Term 119fF, 135f, 145, 152, 294. 

Testability 5f, 86ff, 156, 291 f. 

Theorem 6, 85fF, 127, 155f, 162f, 
291f, 316; notation of 137, 162; 
protosyntactical 306f; proto- 
syntactical definition of 305, 3 13f. 

Tilde 14, 140. 

Total reflexivity 138, 232. 

Traditional logic 1, 7, 189, 210. 

Transitivity 58, 61, 138, 185, 232. 

Transposition 57, 186f. 

Truth If, 4, 27fF; logical Iff, 28, 
30, 50, 80fF, 86, 311, 313, 316f; 
protosyntactical 311, 315; syn- 
tactical 315. 

Truth-functional: component 52ff, 
299; composition llff, 29, 33, 
42fF. 

Truth sequence 299. 

Truth set 53ff, 299. 

Tmth table llff, 19ff, 42ff, 51ff. 
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Truth value llfF. 

Two 237fF, 267, 275. 

Types, theory of 163fF. 

Unit class 135f, 189fF, 241*. 

Universal class 144f, 163, 183f, 
188, 304f; infinitude of 248, 251fF. 
Universal quantification 102. See^ 
also Quantification. 

Universal relation 205f. 

Unnamable numbers 273f. 

Unsigned real numbers 276. 

Upper bound 272f. 

Use and mention 23flF, 283iF, 


Vacuous: occurrence If, 28, SO; 
quantification 74, 82, 88, 104. 

Value: of a function 222; of a 
variable 34f, 287. 

Variables 34f, 68fF, 75, 109f, 283flF, 
287, 300; as pronouns 3, 5, 68, 
71; collision of 74f, llOfF; elimi- 
nation of 71; rewriting 109fF, 
133f, 159, 177; values of 34f, 287. 

Whole number 267, 270, 275f. See 
also Natural number. 

Zero 237fF, 267ff, 275f. 




